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Two main Arabidopsis thimet oligopeptidases (AtTOP) involved in stress responses are:
(1) thimet metalloendopeptidase 1 (TOP1), found in the mitochondria and chloroplasts,
annotated as At5g65620, and (2) thimet metalloendopeptidase 2 (TOP2), found in the cytosol
annotated as At5g10540. Both AtTOP1 and AtTOP2 are located on chromosome 5 and share
high homology. AtTOP1 and AtTOP2 are zincin-like metalloendopeptidases with the
characteristic HEXXH active motif of the M3 clan. Their peptidase activity is related to the
oxidative stress triggered by plant immune responses. AtTOPs are involved in plant immune
responses through a mechanism regulated by Salicylic Acid (SA); both AtTOP1 and AtTOP2
bind plant SA, which inhibits their peptidase activities. However, we engineered a series of
mutations to identify which cysteines are responsible for TOPs dimerization and other oxidative,
structure-function related events. Each of the cysteine in TOPs (i.e., six cysteines in TOP1, and
four cysteines in TOP2) were independently mutated to alanine, as a single mutant. The
dynamics of the oxidative dimerization processes were measured using gel filtration and native
gel methods to quantify the dimerization process of both native and mutant TOPs under variable
redox potentials ex vivo and in vitro at various GSH/GSSG and DTTox/DTTred ratios, with the

underlying hypothesis that the TOP dimerization and enzymatic activities are regulated by
changes in the disulfide bond formation that is linked to cellular redox environments. Overall our
results indicate that TOP1 is sensitive to changes in the redox environment, while TOP2 is not.
The monomer/dimer ratio of TOP1 in solution is higher under highly reducing conditions
compared to mildly and highly oxidative environments. Two TOP1 cysteines control the
formation of dimers, one located in its N-terminal signal peptide (C52) and the other located in
the peptidase domain (C611). These findings bring a mechanistic understanding of TOP1 and
TOP2 functions in the plant immune response.
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CHAPTER I
INTRODUCTION
Protein turnover and synthesis are in a carefully controlled balance which heavily
influences plant growth and facilitates response to, and recovery from, pathogen infection and
diverse abiotic stress conditions (Nelson et al., 2015). Thimet oligopeptidases (TOPs) belong to
the family of metalloproteases and are mostly zinc-dependent enzymes that hydrolyze the
peptide bond. Unlike proteases which cleave full-length proteins, peptidases target short
sequences for degradation into smaller fragments or component amino acid residues. TOPs are
zinc-dependent thiol-sensitive proteins from the M3 family of metallopeptidases (Tisljar et al.,
1993). Characteristic to M3 peptidases is the conserved zinc-binding domain: His-Glu-Xaa-XaaHis (HEXXH) (Gomis-Rüth et al., 2009). Metazoan TOPs and TOP-like peptidases (EC
3.4.24.15) catalyze the hydrolysis of bioactive peptides shorter than 20 amino acid residues,
which are mostly proteasome-processed products (Glucksman et al., 2017; Kessler et al., 2011;
Pabon et al., 2003; Oliveira et al., 2001). In animals, TOP is encoded by a single gene
(Paschoalin et al., 2007). Altered TOP activity has been linked to brain disorders, immunestimulated neurodegeneration, and infection-induced inflammation (Santos et al., 2019). TOPs
are believed to control peptide-mediated signaling through a general mechanism wherein the
accumulation of bioactive peptides is under TOP control. Notably, TOPs are redox-sensitive
peptidases regulated through several mechanisms. For example, high levels of oxidative stress
lead to the oxidation-mediated inhibition of TOP catalytic activity through the formation of
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intermolecular disulfide bonds (Demasi et al., 2008). The intracellular concentration of
hydrogen peroxide (H2O2) also influences TOP activity, where low-levels of H2O2 accumulation
promote TOP activity and high levels of H2O2 promote the accumulation of irreversibly oxidized
and inactive TOP (Icimoto et al., 2017).
By comparison to the metazoan TOP, the cellular functions and regulatory mechanisms
of plant TOPs are much less understood. Multiple nuclear genes encode plant TOPs, and recent
studies on the Arabidopsis TOP1 and TOP2 have discovered similarities and unexpected
differences in the subcellular localization, function, and mode of regulation between animal and
plant TOPs and among plant TOPs. Despite the weak metazoan-plant TOPs primary structure
conservation, TOP1 and TOP2 have three–dimensional structures similar to the human TOP and
the TOP-like neurolysin (Wang et al., 2014; Kmiec et al., 2013). TOP1, also named OOP is
localized to the chloroplast and mitochondria (Kmiec et al., 2013; Moreau et al., 2013). TOP1
was found to cleave protein signal peptides and presequences in vitro, and postulated to function
as a processing peptidase in the organellar import machinery and as a component of intraorganellar protease networks for protein degradation (Majsec et al., 2017; Kmiec et al., 2013).
On the other hand, TOP2 is cytosolic (Moreau et al., 2013), proposed to function downstream
the 20S proteasome during oxidative stress response (Polge et al., 2009). With the exception of
several in vitro TOP1 peptide substrates (Kmiec et al., 2013), no information is available
regarding plant TOPs substrate specificities.
Several lines of evidence link TOP1 and TOP2 to the plant immune response and redoxmediated processes. Similar to their mammalian homologs (Shrimpton et al., 2003), plant TOPs
appear to be sensitive to changes in the redox environment, as reductive stress has been shown to
modify the monomer/dimer equilibrium and decreased the catalytic activity of purified
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recombinant TOPs. TOP1 was shown to have a higher degree of inhibition (Westlake et al.,
2015). TOPs interact with the plant defense hormone salicylic acid (SA) with distinct affinities,
their activities were non-competitively inhibited by SA in vitro and exogenous SA inhibited
specific TOP activity in plant extracts, to different extents for TOP1 and TOP2 (Moreau et al.,
2013). Plants with impaired expression of TOP1 and TOP2 showed an increased susceptibility to
pathogens that activate the effector-triggered immune response (ETI), defective programmed cell
death pathway, and altered response to treatments that increase chloroplastic ROS accumulation
(Westlake et al., 2015; Moreau et al., 2013). Plants defective in the ability to process targeting
peptides of organellar imported proteins showed activation of SA defense signaling in the
absence of pathogen infection (Kmiec et al., 2018). Proteomics and biochemical studies of
double mutants demonstrated that both TOPs are required for maintaining the proper level and
dynamics of reversible cysteine oxidation in the Arabidopsis during the oxidative-burst stage of
ETI (McConnell et al., 2019). Despite these advances, it is still unclear what is the impact of the
cellular redox environment on TOPs activity and what redox-sensing mechanisms control TOP1
and TOP2. Here we demonstrate that TOP1 and TOP2 have dissimilar thiol-sensitivity, redox
regulatory mechanisms, and possess distinctive specificities in cleaving a plant peptide substrate.

Thimet oligopeptidase (TOP)
Thimet oligopeptidase (TOP) was described as a metallopeptidase hydrolyzing bioactive
peptides (name recommended by IUBMB in 1992). The term 'thimet' is the acronym for ‘thiolsensitive metallo,' while the term 'oligopeptidase' characterizes the substrate-size restriction of
the enzyme. Additionally, human TOP cleaved hexa-alanine but did not cleave tetra- or pentaalanine; in peptides of 6-17 amino acid residues, the internal bonds are cleaved. TOP exhibits a
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preference for cleaving a bond 3-6 residues from the C-terminus (Rawlings et al., 2013). TOP
consists of 2 domains that are primarily α-helical; they are separated by a deep cleft comprising
the substrate-binding site. Domain I is important for limiting substrates to access the active site,
and Domain II has the active site Zinc (II) and the most crucial residues for peptide cleavage
(Sigman et al., 2005).

Human thimet oligopeptidase
Human thimet oligopeptidase (hTOP) has the same common motif binding site
(HEXXH). Human TOP structure and activity is relevant to various metallopeptidases, including
neurolysin, neprilysin, angiotensin-converting enzyme. TOP can be isolated from a diversity of
cells, such as brain, pituitary, testis cells. TOP is involved in the neuropeptide regulation of
diverse physiological processes, such as the immune response, reproduction, and blood pressure
control. The TOP role is uncleared or hard to determine that due to the overlapping of
specificities substrates with other neuropeptidases (Sigman et al., 2005).

Arabidopsis thimet oligopeptidase
Arabidopsis TOP1 and TOP2 are zincin-like metalloendopeptidases, and they have the
same characteristic active motif (Westlake et al., 2015). By utilizing sequenced genomes from all
the tree branches of life, phylogenetic analysis showed that plant TOPs cluster with several
groups of metazoan and bacterial peptidases, including the oligopeptidase A, mitochondrial
processing peptidase, mitochondrial intermediate peptidase, and metazoan TOPs. Arabidopsis
TOP1, encoded by AT5G6520 gene, has an N-terminal signal peptide which determines its
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localization in the the chloroplast. Arabidopsis TOP2, encoded by At5g10540, is localized in the
cytosol. TOP1 and TOP2 genes are found on opposite ends of chromosome 5 and share high
homology (Moreau et al., 2013).
TOPs play an important role in plants whereby they ensure SA enables the plant to
respond to pathogens; both TOPs have been identified as SA-interacting proteins. Therefore, SA
binding indicates that there is a possibility that metal co-factor related activity interfered with
SA. Moreau et al proposed that TOPs might be a functional component of the SA-mediated
signaling pathways ex vivo (2013). Consequently, through independent pathways, TOPs play an
influential role in SA-dependent innate immunity. In addition, TOP2 was revealed to be essential
during germination for mediating the toxic effect of exogenous SA (Wang et al., 2014).
Furthermore, Westlake et al showed that thiol compounds can modulate TOPs dimerization. The
reductive conditions are promoting an increase in the ratio of the monomer/dimer (2015).

Plant immunity system
The plant immunity system is triggered by two tiers of defenses. The first one is cellsurface receptors, and the second one is the intracellular nucleotide-binding domain and leucinerich repeat (NB-LRR) immune receptors. Cell-surface receptors induce basal immune responses
when recognizing and binding molecular patterns that are shared by many microbes. The other
line of defense is intracellular NB-LRR immune receptors, and they act when pathogens block or
circumvent basal immunity (Cournoyer et al., 2011). NB-LRR proteins can recognize effectors
directly or indirectly and activate effector-triggered immunity (ETI) (Hurley et al., 2014).
ETI represents the strongest immune response of a plant to a matched pathogen. It is
mediated by intracellular immune receptors that recognize a specific virulence factor of the
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pathogen (effectors). In plants, the recognition reaction between effector and receptor leads to a
rapid change in the transcription of the necessary genes. This process is usually accompanied by
programmed cell death at the site of infection. The cellular changes alert all unaffected parts of
the plant to be armed against further possible attacks (Hurley et al., 2014; Cournoyer et al.,
2011).
Plants have developed during their evolution a complex immune system to fight against
microbial infections. By plasma membrane (PM)-localized pathogen recognition receptors
(PRRs), the innate immune signaling that the main branch is initiated as a consequence of the
detection of specific pathogen- and microbe-associated molecular patterns (PAMPs and
MAMPs) (Nomura et al., 2011; Boller et al., 2009). PAMP-triggered immunity (PTI) that the
important branch of host defense signaling is the first line of defense against pathogen infection.
When particular pathogen effectors are identified by disease resistance (R) proteins, it activates
another branch of innate immune signaling, resulting in effector-triggered immunity (ETI).
Besides, several plant hormones, including jasmonic acid (JA), salicylic acid (SA), and ethylene,
regulate the plant immune responses (Nomura et al., 2011; Grant et al., 2009).
Plants can resist the pathogen through ETI; they can also overcome pathogen suppression
of PTI (Nomura et al., 2011). Both ETI and PTI show similar immune responses, even though
the ETI-induced amplitude response that is frequently considerably higher response around the
infection site that called the hypersensitive response (HR) and often associated with a localized
programmed cell death (PCD) (Hurley et al., 2014). When cells are infected, the innate immunity
system and signal transduction are crucial to activate the defense genes in distal and proximal
tissues. The changing of reduction-oxidation (redox) in the cell is one of the earliest responses
detected in immune responses (Frederickson et al., 2014; Dangl et al., 2001). Production of nitric
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oxide (NO), a reactive nitrogen species (RNS) and hydrogen peroxide (H2O2), a reactive oxygen
species (ROS) are quickly triggered then detection of a pathogen may activate the hypersensitive
response (HR) synergistically. In the absence of NO, a massive burst of H2O2 has been reported
(Frederickson et al., 2014).
High levels of endogenous S-nitrosothiol (SNO) and the absence of apoplastic ROS
synthesis lead to cell death (Yun et al., 2011). Moreover, the complementary defense genes are
activated by NO and H2O2 production. The plant immune response development is as
fundamental of implicating redox changes and emphasizing the specificity of these reactive
intermediates. The main way of ROS production is during the incomplete reduction from
apoplastic oxygen to the superoxide radical, O2- by NADPH oxidase (Frederickson et al., 2014).
In plants, ROS has a potential role in systemic signaling; also, H2O2 has some properties such as
relatively long lifespan (1 ms), small size, and ability to traverse membranes by aquaporin
channels. This small molecule is redox-active and has potential signaling functions (Bienert et
al., 2006). In many physiological processes, glutathione (GSH) is a crucial moderator of cellular
redox potential. It has a significant role in cellular reductants and ROS, enabling a signaling
function and forming a gradient of redox potential, such as NADP/NADPH (Krajewski et al.,
2013).
Repairing mechanisms of oxidized cysteines can form disulfide bridges but for oxidized
methionines can form sulfoxides (Cooper et al., 2011). Although the formation of disulfide
bridges implies an oxidative process, at the cellular level there are several examples of
conformation and function of proteins according to the redox state of its cysteines. For example,
the OxyR protein, which senses intracellular levels of H2O2, acts as a factor transcriptional in the
presence of ROS (Aslund et al., 1999). In this case, the oxidation of a pair of amino acids
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involves the activation of OxyR function and not a total loss of it. The formation of disulfide
bridges seems to be the only protein oxidation state with functional purpose. The cytoplasmic
redox environment is strongly reducing under stress-free conditions; the formation of disulfide
bridges in proteins, caused by oxidative stress has been referred to as disulfide stress, which is
reversible by the action of two dependent reduction systems of NADPH: the thioredoxin system
(thioredoxin reductase and thioredoxin) and the glutaredoxin system (glutathione reductase,
glutathione, and three glutaredoxins). These systems are preserved in both prokaryotes and
eukaryote (Kalinina et al., 2014; Shi et al., 1999).

Characterization of thiol-switching activity in plant proteins
The oxidation reversibility of cysteine residues is a preeminent significance for proteins
normal functioning and their capacity to play a role in signal transduction cascades. GSH is the
primary substrate for the redox of cysteine residues. The cellular redox status determines the
thiol-disulfide system state. Thiol system is affected by GSH/GSSG ratio, and the ratio of
GSH/GSSG is around 100:1 under physiological conditions; this lead to reduce the oxidative
condition. The changing of the glutathione ratio vitally influences the redox regulation, which
has influence on the processes of signal transduction, state of cell metabolism, control of gene
expression, the processes of signal transduction, differentiation, and vital functions overall
(Kalinina et al., 2014; Fitzpatrick et al., 2012). Dithiothreitol (DTT) also known as Cleland’s
reagent is used to reduce proteins. The ability to reduce proteins increases significantly over the
pH range 7-9.5. Contrary, at acidification to <pH 3.0, the DTT reagent is quenched (Wingfield,
1995).
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The thiol switching is one of the most general methods to sense the changes in cellular
oxidation. Cysteines pKa values are around 8 to 9; they are protonated and non-reactive under
physiological pH, they characterize the oxidation-sensitive thiols often in the lower pKa values,
but that is not always. Cysteines that have lower pKa are deprotonated under the physiological
pH. Thiolate anions (deprotonated) have higher reactivity than the protonated thiol. Thiolate
anions have a different reactivity, and that depends on the local protein environment (Groitl et
al., 2014). The work we propose here allows comparison of diverse kinds of protein thiol
modifications. We elaborate on their functional and structural consequences as well as discuss
the role including the ROS adaptation and oxidative stress response. However, our working
hypothesis is that the TOPs have the propensity to assemble by employing two distinct models in
homo-hetero dimmers. This might also permit for the protein-protein interactions and its
observation within the context of a plant cell environment (Westlake et al., 2015). Consequently,
we hypothesized a potential model of TOP regulation (figure 1.1 & 1.2) with the mechanism of
TOPs dimerization (figure 1.3). Also, we think that TOP1 is able to make a diversity of dimers
and oligomers, as shown in figure 1.4.

Figure 1.1

A simple model exhibited cysteines positions in native TOP1 and TOP2. TOP1
having 3 Cys in the signal peptide (82 A.As ) and 3 Cys in the peptidase domain
(709 A.As ). TOP2 having 4 Cys (701).
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A potential model of TOP regulation by redox conditions
A

B

Figure 1.2

A potential model of TOP regulation by redox conditions. (A) TOPs dimerization
with GSH/GSSG. (B) TOPs dimerization with DTTred/DTTox.
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The mechanism of TOPs dimerization/oligomerization

Figure 1.3

The mechanism of TOPs dimerization/oligomerization in the presence of oxidized
glutathione.
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TOP1 dimerization/oligomerization in the presence of GSSG

Figure 1.4

The dimerization/oligomerization of TOP1 in the presence of oxidized glutathione.
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Objectives
Dimerization and oligomerization behavior of TOP1 and TOP2 under diverse redox
conditions
This study focuses on TOPs dimerization when treated with GSH/GSSG and
DTTOX/DTTRed ex vivo and in vitro (figure 1.1 A & B) and optimizing the pH and concentration
of reduced and oxidized agents to control the redox reaction conditions of TOPs among
monomer, dimer, and oligomer forms. TOP1 can form a tetramer as shown in figure 1.3. We
think that the possible TOPs forms are monomer, dimer, and trimer in vitro (figure 1.4 A-D),
while all TOP1 forms and tetramer are possible in ex vivo (figure 1.4 A-F). The most abundant
form is monomer in in vitro, and monomer and tetramer in ex vivo.

Identification of cysteine residues recovery for TOP1 and TOP2 redox activity
TOP1 has six cysteines, and TOP2 has four cysteines; we generated single Cys to Ala
mutants for both TOP1 and TOP2 and designed a screen to investigate which cysteine/s is/are
responsible for disulfide bridge formation and redox activity in TOP1 and TOP2. In addition,
figure 1.2 presents that the compatible three cysteines in TOP1 with TOP2, and those cysteines
are C548, C611, & C699 for TOP1 compatibilized with C460, C523, & C66 for TOP2,
respectively.

Characterization of TOP1 and TOP2 enzymatic activity under diverse redox conditions
This aim focuses on the characterization of enzymatic activity for monomer/dimer and
oxidized/reduced native TOPs by using the fluorogenic peptide as a substrate. Also, the
enzymatic activity will be measured for TOPs mutants to identify the cysteines that have the
largest influence on the mutant activity.
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Protein dimerization and redox thiols switches
The goal of our study is identifications and functional characterization of thiol-switch
mechanisms in plant proteins. Westlake et al identified a set of metallopeptidases associated
with immune responses in plants (2015). We propose to further investigate the thiol-switching
mechanisms in metallopeptidases using functional and biochemical assays. We hypothesize that
TOP1 and TOP2 are regulated by variations in the redox environment and they may act as redox
sensors as part of their roles in the plant immune response.
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CHAPTER II
METHODOLGY
Abstract
In this chapter we describe methods and protocols used for the biochemical
characterization of TOPs activity and regulation. We first describe the methods used for
generating the Arabidopsis TOP mutants for the site directed mutagenesis screen. Next, we
present the methods used for characterization of TOPs under various redox conditions. Finally,
we describe fluorescent spectroscopy methods for comparative analysis of TOPs under various
redox conditions.

Plant cell has the ability to detect & defend itself against pathogens using a complex
immune system. The plant has its own unique physical & chemical defense mechanisms to
protect themselves against a variety of pathogens and prevent pathogens from entering inside the
plant. Among the immune responses, the cell that under attack can use a number of small
molecules to alert other cells when other parts of the plant detect pathogens. Plant immune
responses involve postranslation modification as well as transcriptional activation of defense
genes.
Increased oxidation in plant cells results in modify oxidation of cysteines in proteins and
leads to changes in protein function and activity. TOP1 and TOP2 thimet oligopeptidases are
components of the immune system of plants. Both TOPs proteins bind the plant defense hormone
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SA (Moreau et al., 2013; Westlake et al., 2015). In addition, TOP1 found in the mitochondria
and chloroplasts, annotated as At5g65620, while TOP2 found in the cytosol, annotated as
At5g10540 (Moreau et al., 2013).
In addition, top1top2 mutants are defective in effector-triggered immune response and
have an altered pathogen-induced cell death response (Moreau et al., 2013). Also, top1top2
mutants have an altered oxidative burst and defective cysteine oxidation of the proteome during
ETI (McConnel et al., 2019).
During oxygenic photosynthesis both, strong oxidants and reductants are formed when
plants are exposed to extreme changes of their cellular redox state. This situation has also led to
has a low level of activity in the dark, when the chloroplast has a highly reducing potential, and
some chloroplast enzymes are very active during light conditions (high oxidative conditions)
(Holtgrefe et al., 2008; Dietz et al., 2002).
Glutathione has two forms, which are reduced form (GSH) and oxidized form (GSSG). In
most aerobic organisms, glutathione is the central redox agent. Under physiological conditions,
the reduced form of glutathione serves as a ubiquitous nucleophile to convert a variety of
electrophilic substances. Glutathione-dependent enzymes crucially accelerate most of these
chemical reactions in many metabolic pathways (Deponte et al., 2013; Simoni et al., 2002).
Consequently, we designed a significant experiments to describe the biochemical
characterization and mechanism regulation of TOPs proteins under redox status and mutant the
Cys to Ala.
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Arabidopsis TOPs mutagenesis
The exchange of Cys-29, 42, 52, 548, 611, and 699 for TOP1 and Cys-405, 460, 523, and
611 for TOP2 against alanine were performed by the overlap extension method, as a single
mutant, as shown in figure 2.1 and 2.2.
TOP1 primers
The primers of TOP1 native and mutants
TOP1 Forward Primer (T1F) 5`-ATATGCTAGCTTAATGGCGACTCCAACGTC-3`
TOP1 Reverse Primer (T1R) 5`-ATATGTCGACTTAAGCAGAAGCAGAGGCAG-3`
TOP1 Without a signal Peptide (DSPTOP1F) Forward Primer
5`-ATATGCTAGCTCCGACGAGACTCTTTCCTC-3
TOP1C29A Forward Primer (T1C29AF) 5`-TCATCTTCTTCTGCACATTTTCGTCCC-3`
TOP1C42A Forward Primer (T1C42AF) 5`-AATCATATCCTGCACCCATCTGGTCTTC-3`
TOP1C52A Forward Primer (T1C52AF) 5`-TCTTTCTCTTTTGCACTCCCTCCTCC-3`
TOP1C548A Forward Primer (T1C548AF) 5`-ACACATGGTCGCAAACCAAACTCC-3`
TOP1C611A Forward Primer (T1C611AF) 5`-GGAGAATTGGGCATACCACAGGG-3`
TOP1C699A Forward Primer (T1C699AF) 5`-AGGATAGATTTCTCGCAAGCTTCAGTCAC-3`
TOP1C29A Reverse Primer (T1C29AR) 5`-GGGACGAAAATGTGCAGAAGAAGATG-3`
TOP1C42A Reverse Primer (T1C42AR) 5`-ACCAGATGGGTGCAGGATATGATTTACG-3`
TOP1C52A Reverse Primer (T1C52AR) 5`-GGAGGAGGGAGTGCAAAAGAGAAAGAAG-3`
TOP1C548A Reverse Primer (T1C548AR) 5`-GAGTTTGGTTTGCGACCATGTGTG-3`
TOP1C611A Reverse Primer (T1C611AR) 5`-TCCCTGTGGTATGCCCAATTCTCC-3`
TOP1C699A Reverse Primer (T1C699AR) 5`-TGTGACTGAAGCTTGCGAGAAATCTATCC-3`
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Also, we did a single mutant (H571A) in the active site of TOP1, and its primers are:
TOP1H571A Forward Primer (T1H571AF) 5`-GAGACAGTATTTGCTGAATTTGGACATGCTC3`
TOP1H571A Reverse Primer (T1H571AR) 5`- GAGCATGTCCAAATTCAGCAAATACTGTCTC3`

Figure 2.1

Native TOP1 has 3 Cys in the signal peptide (82 A.As) and 3 Cys in the peptidase
domain (709 A.As ), and the active site has two His and one Glu. The TOP1
mutant has a single mutant C or H to A.
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TOP2 primers
The primers of TOP2 native and mutants
TOP2 Forward Primer (T2F) 5`-ATATGCTAGCGCTTCTGAAGATACTCTCTCCTC-3`
TOP2 Reverse Primer (T2R) 5`-ATATGTCGACTCAAGCAGAAGCAGCCAAG-3`
TOP2C405A Forward Primer (T2C405AF) 5`CGATGTTAGGTTCTACGCAGTCAAAGATTCTTC-3`
TOP2C460A Forward Primer (T2C460AF) 5`-CTCAAATGGTCGCAAACCAAACTCC-3`
TOP2C523A Forward Primer (T2C523AF) 5`-TATGGAGAACTGGGCATACCACAGGG-3`
TOP2C611A Forward Primer (T2C611AF) 5`-CTGAAGATAGATTCCTCGCAAGCTTCAGTC-3`
TOP2C405A Reverse Primer (T2C405AR) 5`-AGAATCTTTGACTGCGTAGAACCTAACATCG3`
TOP2C460A Reverse Primer (T2C460AR) 5`-GAGTTTGGTTTGCGACCATTTGAGC-3`
TOP2C523A Reverse Primer (T2C523AR) 5`-ATCCCTGTGGTATGCCCAGTTCTCC-3`
TOP2C611A Reverse Primer (T2C611AR) 5`-TGACTGAAGCTTGCGAGGAATCTATCTTC-3`

Also, we did a single mutant (H483A) in the active site of TOP2, and its primers are:
TOP2H483A Forward Primer (T2H483AF) 5`-GTAGAGACTGTGTTCGCTGAATTTGGCCAT-3`
TOP2H483A Reverse Primer (T2H483AR) 5`-CATGGCCAAATTCAGCGAACACAGTCTCTA-3`
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Figure 2.2

Native TOP2 has 4 Cys (701 A.As), and the active site has two His and one Glu.
The TOP2 mutant has a single mutant C or H to A.

In the first PCR run (30 cycles) using a Phusion High-Fidelity DNA Polymerase, the
primers pairs were used as followed: T1F & T1R (native), T1F & T1C29AR (T1C29AR-1), T1F &
T1C42AR (T1C42AR-1), T1F & T1C52AR (T1C52AR-1), T1F & T1C548AR (T1C548AR-1), T1F &
T1C611AR (T1C611AR-1), T1F & T1C699AR (T1C699AR-1); T1R & T1C29AF (T1C29AF-2), T1R &
T1C42AF (T1C42AF-2), T1R & T1C52AF (T1C52AF-2), T1R & T1C548AF (T1C548AF-2), T1R &
24

T1C611AF (T1C611AF-2), and T1R & T1C699AF (T1C699AF-2) for TOP1. T1F & T1H571AR
(T1H571AR-1), and T1R & T1H571AF (T1H571AF-2) For TOP1 active site mutant. T2F & T2R
(native), T2F & T2C405AR (T2C405AR-1), T2F & T2C460AR (T2C460AR-1), T2F & T2C523AR
(T2C523AR-1), T2F & T2C611AR (T2C611AR-1); T2R & T2C405AF (T2C405AF-2), T2R & T2C460AF
(T2C460AF-2), T2R & T2C523AF (T2C523AF-2), & T2R & T2C611AF (T2C611AF-2) for TOP2. T2F &
T2H483AR (T2H483AR-1), and T2R & T2H483AF (T2H483AF-2) For TOP2 active site mutant.
The PCR products were separated in agarose gels (0.8%), and the bands were collected
and purified by using QIAquick gel extraction Kit. To obtain the full length of TOPs mutants,
PCR was used a second time for 5 cycles but without Primers. TOP1 mutants were mixed, as the
following: (T1C29AR-1) & (T1C29AF-2), (T1C42AR-1) & (T1C42AF-2), (T1C52AR-1) & (T1C52AF-2),
(T1C548AR-1) & (T1C548AF-2), (T1C611AR-1) & (T1C611AF-2), and (T1C799AR-1) & (T1C799AF-2);
also, we mixed the two DNA fragments for TOP1 active site mutant (T1H571AR-1) & (T1H571AF2). In the same manner, TOP2 mutants were mixed, as the following: (T2C405AR-1) & (T2C405AF2), (T2C460AR-1) & (T2C460AF-2), (T2C523AR-1) & (T2C523AF-2), and (T2C611AR-1) & (T2C611AF-2)
for TOP2 mutants; as well, we mixed the two DNA fragments for TOP2 active site mutant
(T1H483AR-1 & T1H483AF-2). Immediately, the TOPs primers T1F & T1R for TOP1 and T2F&
T2R for TOP2 were added; the third PCR run was used for 25 cycles. The native TOP1,
DSP

TOP1, TOP2 were used only one PCR run 30 cycles, and the following primers were used:

T1F & T1R for TOP1, DSPTOP1F & T1R for DSPTOP1, and T2F & T2R for TOP2. After that,
TOPs native and TOPs mutants were purified using QIAquick gel extraction Kit.
NehI and SalI restriction enzymes were incubated with TOPs, TOPs mutants, and pET28a at 37 oC for 20 minutes in CutSmart buffer, as double digest of restriction enzymes to cut
DNAs (TOPs) and the vector (pET-28a), as overhangs and sticky ends; after that, the insertions
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DNAs & cleaved vectors were purified using QIAquick gel extraction Kit; then, the T4 DNA
ligase was used to ligate the insertions DNA (TOPs native & TOPs mutants) in the cleaved
vector (pET-28a) to make the plasmid for TOPs genes (Holtgrefe et al., 2008). The T4 DNA
ligase was inactivated by heating at 65 oC for 10 minutes.
Transformation
The plasmids pTA-TOP1 and pTA-TOP2, which were a pET-28a containing TOP1 and
TOP2 genes, were transformed to NEB 10-beta competent E. coli (High Efficiency) (C3019I) by
heat shock. NEB 10-beta Competent E. coli tube was thawed on ice for 10 minutes, and it was
mixed gently and 50 µL pipetted of the competent cells into a transformation tube on ice
followed by adding 5 µL of the plasmids (pTA-TOP1 and pTA-TOP2) to the cells mixture. The
tube that contained the mixture was flicked carefully 4-5 times to mix the cells and the plasmids.
After that, it was placed on ice for 30 minutes without mixing. Then, we did the heat shock at
exactly 42 oC for exactly 30 seconds without mixing; the mixture sample was placed on ice for 5
minutes. Next, 950 µL of room temperature NEB 10-beta/stable outgrowth medium was added to
the mixture sample and placed in the shaker at 37 oC for one hour at 250 rpm. The mixture tube
was mixed by flicking the tube and inverting; concurrently, we spread 10-100 µL of the mixture
cells onto agar plates containing kanamycin (50 mg/L) and incubated at 37 oC overnight. The
clones were tested using PCR to prove we had the right plasmid. The proven cells were grown in
LB Broth media containing kanamycin (50 mg/L) overnight followed by centrifuging E. coli
cells containing TOPs plasmids at 13000 rpm for 10 minutes at room temperature. Those cell
pellets were kept on ice for 30 minutes; after that, we used QIAprep Spin Miniprep Kit to purify
the plasmids. Then, we sent them for sequencing (https://www.eurofinsgenomics.com), and the
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proven plasmids were transferred to NiCo21(DE3) Competent E. coli (C2529H), the
transformation protocol was the same that for NEB 10-beta competent E. coli except the heat
shock at 42 oC was for exactly 10 seconds.

Western blotting
The bacterial cultures of TOPs and their mutants were grown in LB Broth media
containing kanamycin (50 mg/L) until an OD600nm around 0.6. These cultures were induced with
100 mg/L IPTG and after 4 hours E. coli cells containing TOPs and their mutants were collected
using centrifuge. Then, pellets were lysed using B-PER complete bacterial protein extraction
reagent. Proteins concentrations was determined by using the Bradford assay. Then equal amount
of protein loaded in SDS-PAGE using BIO-RAD electrophoresis. Afterward, the protein bands
were transferred to polyvinylidene difluoride (PVDF) membrane using a semi-dry transfer
method. The membrane was immersed in 5% non-fat milk to block it and probed with the
primary antibody (6x-His Tag Monoclonal Antibody) (1:500); then, it was washed 4 times using
TTBS. After that, the Goat anti-Mouse IgG (H+L) secondary antibody was used, HRP conjugate
(1:5000) (ThermoFisher); also, we washed it 4 times using TTBS. Finally, the membrane was
incubated with western ECL substrate (Bio-Rad), and the bands were detected using Bio-Rad
imaging.

Protein expression and purification
The plasmids of TOPs and their mutants were made in the Popescu Lab, and these
plasmids were transferred to E. coli NiCo21(DE3) cells, as mentioned that above. All cultures
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containing plasmid were grown with shaking at 37 °C in LB Broth media in presence of 50 mg/L
kanamycin. When OD600nm around 0.5-0.6, the IPTG (100 mg/L) was added to induce those
cultures. After 4 hours, E. coli cells containing TOPs plasmids were collected by centrifuging
(4000 rpm for 30 minutes at 4 oC) and stored at -80 °C. Those cells pellets were thawed on ice
and then lysed in B-PER complete bacterial protein extraction reagent. The lysed cells were
centrifuged at 4000 rpm for 30 minutes at 4 oC. Then, the cells extract was concentrated in an
Amicon stirred cell (50 mL container) with Ultrafiltration discs (PLGC, Ultracel regenerated
cellulose, 30 kDa). Cell extract was loaded onto a Ni-NTA column and fraction were separated
using buffer A (50 mM Tris at pH 8.0) and buffer B (50mM Tris, 100mM Imidazole, and
500mM NaCl at pH 7.0). Buffer A was run first then buffer B with flow rate of 1mL/min for 1
hour each. TOPs proteins have a His-tag (6 Histidine) that placed on the N-terminal. Therefore,
Tops proteins bind with high affinity to Ni-NTA column. Hence, Proteins untagged go through
the column without binding, and TOPs proteins bind when buffer A running, but TOPs proteins
were appeared during the running of buffer B because buffer B has imidazole, which has a
higher affinity to bind the Ni-NTA column than that of TOPs proteins. TOP proteins fractions
were collected and concentrated and loaded onto Superdex 200 Increase size exclusion column
using Tris buffer 50mM with 500mM NaCl at pH 8.0; this buffer was flowed through the column
(0.5 mL/min). Purity of TOP proteins was judged by a single band at SDS-PAGE. The
concentration of TOPs was determined by ultra-violate absorption peak at 280 nm and Bradford
assay.
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TOPs redox
Thiol redox in E. coli NiCo21(DE3) strain for TOPs (native and mutants) ex vivo
All cultures contain plasmid TOPs were grown with shaking at 37 °C in LB Broth media
in the presence of 50 mg/L kanamycin. When OD600nm around 0.5-0.6, the IPTG is added to
induce those cultures. After 4 hours, 250 µL of reduced and/or oxidized agent were added (table
2) to 2.750 mL of E. coli cells containing plasmid TOPs, and cells were grown for a further 4-12
hours. Then, the samples were collected and stored at -20 °C. Those cells were thawed on ice
then lysed in B-PER complete bacterial protein extraction reagent. TOP proteins were subjected
to native PAGE; then, the Western blot method was used, as mentioned that above (Chan et al.,
2016).
Table 2.1
Sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Reduced and oxidized treatments (glutathione and DTT, and with/without
hydrogen peroxide) that used for TOPs dimerization/monomerization.
GSHred
20 mM
(µL)
250
150
100
0
-

GSSGox
20 mM
(µL)
100
150
250
150
-

100
150
-

100
150
-

DTTred
20 mM
(µL)
-

DTTox
20 mM
(µL)
-

H2 O2
5 mM
(µL)
-

100
250
150
100
100
150
-

100
150
250
100
150

-
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250
150
150
150
150
100
100
100
100

Final
volume
(µL)
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250

Redox
Potential
Eh (mV)
-264.00
-156.51
-140.89
-100.00
-360.00
-332.20
-321.79
-220.00
-

Figure 2.3

The effects of redox change on TOPs dimerization ex vivo, using native PAGE.

Reduction and oxidation treatment in vitro
Purified proteins were dialyzed against 50mM Tris-buffer pH 7.0 by using membrane
tube (6-8 kDa) at 4 °C overnight in the fridge. Then, proteins were concentrated to apply for
oxidation and reduction treatments. A Tenfold molar excess of reductant and/or oxidizing were
added to the purified recombinant protein. Next, the samples were incubated for 30 minutes
(Zannini et al., 2017). The reducing agents are L-Glutathione reduced (GSHred) and 1,4Dithiothreitol (DTTred); the oxidizing agents are L-Glutathione oxidized (GSSGox), trans-4,5dihydroxy-1,2-dithiane (DTTox), and hydrogen peroxide (H2O2). In addition, we did some
mixing ratio of glutathione (2mole GSH:1mole GSSG), and (2mole GSSG: 1 mole GSH). Also,
we did some mixing ratio of DTT, as the following: (2mole DTTred:1mole DTTox), and (2mole
DTTox: 1 mole DTTred).
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Figure 2.4

The effects of redox change on TOPs dimerization in vitro, using native PAGE.

Characterization of TOPs mechanisms of disulfide formation and dimerization using native
PAGE, and Western blot
The purified protein TOPs (native and mutants) are pre-incubated in Tris-buffer 50 mM
pH 7.0. A different ratio and concentration of reduced and oxidized, glutathione and DTT are
added to proteins. The proteins mixtures were incubated for 30 minutes; next step could be
stored at -20 °C or added to Native PAGE 4x sample loading buffer to a final concentration 1x.
These protein samples were incubated on ice and loaded in a native gel and run it at 200 volts
using BIO-RAD electrophoresis. PageBlue stain was used to visualize the bands (Chan et al.,
2016). Besides, the protein bands in the native gel transferred to a polyvinylidene difluoride
(PVDF) membrane to detect His-tag of TOPs by Western blot method (Zannini et al., 2017).
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Enzymes activity and kinetics assays
The enzymes activity was performed using a spectrofluorometric instrument Olis DM 45.
TOPs proteins were concentrated to 10µg and incubated in 500 µL of 50 mM Tris-buffer pH 7.0,
containing 8 µM of the fluorogenic substrate peptide, 7-methoxycoumarin-4-acetyl-Arg-Pro-ProGly-Phe-Ser-Ala-Phe-Lys-dinitrophenol (Enzo Lifesciences). The cleavage of the fluorogenic
substrate is monitored by λ excitation at 330 nm and λ emission at 400 nm (Moreau et al., 2013).
In the same manner, we did enzymes activity for TOPs proteins under redox condition (DTTred,
DTTox, GSH, & GSSG) and various ratios of DTT and glutathione from reduced to oxidized
treatment, and the proteins mixtures were incubated with a treatment for 30 minutes. Moreover,
the enzyme activity was calculated according to Bell et al (2013).

HPLC identification of TOPs dimerization/monomerization
Purified proteins were dialyzed in 50 mM sodium phosphate buffer containing 150 mM
sodium chloride at pH 7.00; then, the treatment of oxidized and reduced agent was added and
incubated at room temperature with gently mix for 30 minutes. The treatments have a strong
absorbance at 280 nm. Therefore, we did purify proteins the second time to remove the
treatment. After that, the samples were dialyzed again in phosphate buffer at pH 7.0 to avoid
proteins aggregation. The next step proteins were ready for HPLC run (figure 2.5).
The analyses of TOPs dimerization were performed by XBridge BEH200°A SEC 3.5 µm
7.8 x 300mm Column connected to Agilent 1100 series HPLC system. The separation of TOPs
dimerization/Monomerization was optimized as the following: equilibration of column for 30
min with HPLC water; then, 50 mM sodium phosphate buffer containing 150 mM sodium
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chloride and 0.02% sodium azide at pH 7.00, was running for 30 min. The isocratic mode was
used to run the sample for 30 min with phosphate buffer and flowrate 0.88 µL/min.
Chromatograms of TOPs dimerization/Monomerization were recorded and processed with the
Agilent HPLC software B.04.03 (Estavillo et al., 2011). We did HPLC run of proteins standards
(Thyroglobulin, IgG, BSA, Myoglobin, & Uracil) and control (BSA) (figure 2.6 & table 2.2);
after that, we calculated the slope of the standards to figure out TOPs molecular weight, as
shown in figure 2.6 A, B, & C, and table 2.2.

Figure 2.5

The effects of redox change on TOPs dimerization in vitro, using HPLC.

In addition, we designed two substrates peptidases for TOPs activity using XBridge BEH
SEC, 200°A, 3.5 µm, 7.8 x 300mm Column connected to Agilent 1100 series HPLC system. The
sequence of the first substrate peptide is Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys, and the
sequence of the second substrate peptide (ROCI) is Glu-Leu-Tyr-Thr-Asp-Lys-Thr-Pro-Arg-ThrAla-Glu-Asn. We mixed TOPs proteins (filtered in 0.22 µm) with 5x of substrate (filtered in 0.22
µm) and incubated at room temperature with gently mix for 30 minutes. Then, we separated the
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peptide substrate and the cleaved peptide substrate, as mentioned above for separation of TOPs
dimerization.

Figure 2.6

HPLC chromatograms of the protein standard and control using XBridge Protein
BEH SEC, 200 Å, 3.5 μm, 7.8 x 300 mm Column in Agilent 1100 series LC. (A)
HPLC chromatograms of the protein mixture separation (protein standard mix). (B)
The control chromatogram of BSA. (C) The linear regression of the protein
standards curve.

Table 2.2

The peaks areas and retention time values of the protein mixture (protein standard
mix)
Number
1
2
3
4
5

Area
7977.5
7040
6467.6
8213.5
3954.1

Area%
23.705
20.920
19.219
24.407
11.750

Protein
Thyroglobulin
IgG
BSA
Myoglobin
Uracil
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Rt
7.528
9.365
10.414
12.412
15.267

Mw kDa
660
150
66.4
16.7
0.112

TOPs activity of the plant redox environment
Total proteins were extracted from Arabidopsis leaves 2-3 weeks old. Afterward,
Arabidopsis leaves were collected and kept in liquid nitrogen to powder it; after that, around 100
mg of the powdered sample was extracted with 500 µL of the extraction buffer (50 mM Tris
buffer, 150 mM NaCl, and 0.6 mM PMSF) at pH 8.2. The glass beads were added to the sample
and vortex it vigorously for 20 minutes at room temperature (RT) followed by centrifugation at
13000 RPM for 10 minutes at 4 °C. The total proteins of the supernatant were collected, and the
protein concentration was determined using Bradford assay. Next, 100 µg of total proteins were
incubated in 500 µL of 50 mM Tris-buffer pH 8.0, containing 8 µM of the fluorogenic substrate
peptide to measure the enzyme activity. Then, we followed the Enzymes activity and kinetics
assays protocols, as mentioned above.

Thermal denaturation of TOPs
To study the thermal, denature and renature of the proteins using fluorometer (Olis DM
45 spectrophotometer), proteins were dialysis overnight with 50 mM Tris buffer containing
100mM NaCl at pH 8.0. Then, TOPs proteins were concentrated to 10 µg in Tris buffer.
Additionally, the fluorescence excitation was at 280 nm, which is for Trp and Tyr, and
fluorescence emission spectra was at 300-500 nm, and it was recorded from 20-65 oC (for
protein denature, figure 3.26 A & 3.27 A) and 65-20 oC (for protein renature, figure 3.26 B &
3.27 B) with 5oC increment, and the proteins were incubated for 2 minutes in each 5-degrees
increment. The highest emission was at 338 nm for TOPs proteins unfolding and refolding when
they were excited at 280 nm (Chib et al., 2015).
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Conclusions
The methods and protocols described here provide a basis for the biochemical
characterization of TOPs activity and regulatory mechanisms. We have described the
construction of a site directed mutagenesis screen, the methods to study TOPs structure
dynamics, to analyze their dimerization and methods to measure their activity over substrates.
Taken together, these methods allow the characterization of redox-controlled regulation of TOPs
activity in vitro and ex vivo.
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RESULTS
Abstract
This chapter presents the main results of the site directed mutagenesis screen for
biochemical characterization of plant TOPs. Using published protein structures, we present the
results of 3D structure modeling and analysis and perform several calculations in order to
develop hypotheses on TOPs activity and regulation. We then analyze the results of TOP1
oligomerization and predict critical Cys residues that may be involved in the oligomerization
mechanisms. We validate our hypotheses using the results of the site directed mutagenesis
screen. We then evaluate TOP1 and TOP2 activity over a plant peptide substrate under varying
redox conditions. Finally, we characterize the redox dependent TOPs activity and regulation
suggest which mechanisms that may be involved.

TOP1 structure was solved by Kmiec et al (2013), while Wang et al solved the TOP2
crystal structure (2014) using human TOP as model. TOP1 and TOP2 have similar structures of
the active sites according to Chimera UCSF software (figure 3.1, 3.2, & 3.3). In addition, we did
a single mutation Cys to Ala using Chimera UCSF software; TOP1 mutations are C29A, C42A,
C52A, C548A, C611A, & C699A, and TOP2 mutations are C405A, C460A, C523A, C611A. It
does not appear to change the overall 3D structure around 5 oA of each cysteine, as exhibit in
figure 3.4, 3.5, & 3.6. Moreover, the distances among all cysteines in TOP1 and TOP2 were
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calculated, and we concluded that there is no intra-disulfide bridge, and the range of distances
are between 11.677 and 54.793 oA, as shown in table 3.1.

3D structures of TOPs

C29

C42
C52

C611
C523

C405

C548
C460

C699
C611

Figure 3.1

3D structure of TOPs, using Chimera UCSF software; TOP1 (cyan color), PDB
4ka8; TOP2 (tan color), PDB 4put; modeling TOP1 (plum color).
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TOPs structures
D

A
Cys611
Cys548
Cys699

B

E
Cys523
Cys405

Cys460
Cys611

C
Cys2
9 Cys4
2
Cys5
2

F

Cys61
1
Cys54
8
Cys69
9

Figure 3.2

3D structure of TOPs, using Chimera UCSF software. (A) TOP1, PDB 4ka8. (B)
TOP2, PDB 4put. (C) Modeling TOP1. (D) Comparing TOP1 and modeling TOP1
structures. (E) Comparing TOP1 and TOP2. (F) Comparing TOP2 and modeling
TOP1.
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TOPs active sites
A
H575
E601

H571

B
H487
E513

H483

C

Figure 3.3

3D structure of TOPs, using Chimera UCSF software. (A) TOP1 active site (HHE).
(B) TOP2 active site (HHE). (C) comparing TOP1 and TOP2 active sites.
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Arabidopsis TOPs mutagenesis
TOP1 mutagenesis in the signal peptide (C29A, C42A, & C52A)
A

B

C29A
Cys29

D

C

C42A

Cys42

E

F

C52A

Cys52

Figure 3.4

Analysis of TOP1 3D structure after changing cysteine to alanine, using Chimera
UCSF software. (A & B) Mutation Cys 29 to Ala. (C & D) Mutation Cys 42 to Ala.
(E & F) Mutation Cys 52 to Ala, which are resided in a signal peptide.
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TOP1 mutagenesis in the peptidase domain (C548A, C611A, & C699A)
A

B

C548A
Cys548

C

D
Cys611
C611A

F

E

C699A
Cys699

Figure 3.5

Analysis of TOP1 3D structure after changing cysteine to alanine, using Chimera
UCSF software. (A & B) Mutation Cys 548 to Ala. (C & D) Mutation Cys 611 to
Ala. (E & F) Mutation Cys 699 to Ala, which are located in a peptidase domain.
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TOP2 mutagenesis (C405A, C460A, C523A, & C611A)
A

B

C405A

Cys405

C

D
C460A

Cys460

E

F

Cys523
C523A
G

H

C611A

Cys611

Figure 3.6

Analysis of TOP2 3D structure after changing cysteine to alanine, using Chimera
UCSF software. (A & B) Mutation Cys 405 to Ala. (C & D) Mutation Cys 460 to
Ala. (E & F) Mutation Cys 523 to Ala. (G & H) Mutation Cys 611 to Ala.
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Table 3.1

The distances data of cysteines among all positions in 3D structure of modeling
TOP1, TOP1, and TOP2.
Protein and cys location
Modeling TOP1, cys in
the signal peptide
Modeling TOP1, cys in
the peptidase domain
TOP1, cys in the
peptidase domain

TOP2

Cysteine position

Distance (oA)

Cys 29-Cys 42
Cys 29-Cys 52
Cys 42-Cys 52
Cys 548-Cys 611
Cys 548-Cys 699
Cys 611-Cys 699
Cys 548-Cys 611
Cys 699-Cys 548
Cys 699-Cys 611
Cys 699-Cys 548
Cys 699-Cys 611
Cys 405-Cys 611
Cys 460-Cys 523
Cys 460-Cys 611
Cys 523-Cys 611

15.397
15.036
14.96
12.809
25.478
33.076
11.677
25.812
32.481
20.262
24.728
54.793
13.05
41.456
39.52

TOPs native and mutants were designed using SnapGene software, and figure 3.7, 3.8, &
3.9 shown that the DNA fragments of TOPs were cut, as sticky end using restriction enzymes;
then, inserted in the cleaved vector to make TOPs plasmids, and figure 3.6 shown the details of
TOPs plasmid. Hence, we made primers for TOPs native and mutants depending on the plasmids
that designed using SnapGene software.
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Cloning
The mapping of TOP1 plasmid

Figure 3.7

The mapping of pTA-TOP1 plasmid, created with SnapGene software.
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The mapping of TOP2 plasmid

Figure 3.8

The mapping of pTA-TOP2 plasmid, created with SnapGene software.
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TOPs plasmids
A

B

Figure 3.9

(A) pTA-TOP1 plasmid for TOP1. (B) pTA-TOP2 plasmid for TOP2, created with
SnapGene software.
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The exchange of Cys-29, 42, 52, 548, 611, & 699 for TOP1, and Cys-405, 460, 523, &
611 for TOP2 against alanine were performed by the overlap extension method, as a single
mutant, as mentioned that in chapter II.
Step 1 of the site directed mutagenesis – PCR to generate the Cys to Ala mutations
(PCR products used to generate mutants using site-directed mutagenesis. This is a step 1 in the
subcloning of TOP1 and TOP2 cDNAs in the pET28a expression vector.), as displayed in figure
3.10.

Figure 3.10

Agarose gels for TOPs DNA. (A) DNA fragments for a single mutant (Cys to Ala)
of TOP1. (B) DNA fragments for a single mutant (Cys to Ala) of TOP2.

Step 2 of the site directed mutagenesis – PCR to ligate fragments for the Cys to Ala
mutations, (PCR products used to generate mutants using site-directed mutagenesis. This is a
step 2 in the subcloning of TOP1 and TOP2 cDNAs in the pET28a expression vector.), as
exhibited in figure 3.11.
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For T1M & T2M, we did the same two steps, but we did change His to Ala, as shown in
figure 3.12 A & B. Furthermore, DSPTOP1 has only one step, and it was made to study the
influence of the enzyme activity and dimerization of TOP1 after cleaving the signal peptide.
Furthermore, all TOPs proteins native and mutants were confirmed by Western blot with
control in PageBlue, as shown in figure 3.13.

Figure 3.11

(A) DNAs of TOP1 and its mutants. (B) DNAs of TOP2 and its mutants.

Figure 3.12

Agarose gels for TOPs DNAs. (A) DSPTOP1, (T1H571AF) & (T1H571AR) DNA
fragments for TOP1 of the single mutant in the active site, and (T1H483AF) &
(T1H483AR) DNA fragments for TOP2 of the single mutant in the active site. (B)
T1H571A DNA for TOP1 and T2H483A DNA for TOP2.
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Figure 3.13

Western blot for TOPs and their mutant using a gradient gel 4–15% MiniPROTEAN TGX stain-free, and transferred it to PVDF membrane (A, C, & E),
with control in PageBlue (B, D, & F). (A & B) TOP1 and its mutants. (C & D)
TOP2 and its mutants. (E & F) DSPTOP1, TOP1H571A, and TOP2H483A.

We used the theory data of the physical properties for TOPs proteins using ProtParam
tool in Expasy data base, and table 3.2 exhibited TOPs basic information, TOPs with and without
His-tag were designed and made in Dr. Popescu’s lab, and they have similar molar extinction
coefficient but different isoelectric point (pI) and mass extinction coefficient (a).
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Table 3.2

The comparison of TOPs basic information, among TOPs (from tair), TOPs with
His-tag (made in Dr. Popescu’s lab), and TOPs without His-tag (made in Dr.
Popescu’s lab), using ProtParam tool in Expasy
(https://web.expasy.org/protparam/).

TOP1
(At5g65620)
TOP1 with
His-tag
TOP1 w/o
His-tag
TOP2
(At5g10540)
TOP2 with
His-tag
TOP2 w/o
His-tag

A.As

MW

a (g-1 L
cm-1)

791

88756.90

1.196

Positive
charged
residues
106145
96

813

91078.38

1.165

106145

97

108

6.16

796

89196.32

1.19

106145

96

108

5.94

701

79043.93

1.234

97540

86

105

5.45

723

81365.41

1.199

97540

87

105

5.73

706

79483.36

1.227

97540

86

105

5.48

e (M-1
cm-1)

Negative
charged
residues
108

pI
5.9

TOPs redox regulation
TOP1 is sensitive to redox-mediated homo-oligomerization
We previously reported that TOPs are likely to exist in monomer–dimer equilibrium in
solution and that the equilibrium may shift under strongly reducing conditions (Westlake et al.,
2015). We further analyzed the redox-mediated control of the monomer–dimer equilibrium of
TOP1 and TOP2 by exposing them to a wide range of redox conditions from strongly reducing to
strongly oxidizing treatments.
For the redox treatments we utilized Dithiothreitol (DTT), a thiol-based reducing agent
used to break disulfide bonds; we used DTT in its reduced and oxidized forms (DTTred and
DTTox); the relative redox potentials of these compounds are -360 mV and -220 mV
respectively. In addition, we used glutathione (GSH) and the oxidized glutathione (GSSG); the
redox potentials of these compounds are -264 mV and -100 mV, respectively. GSH-GSSG is a
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key redox couple in the chloroplasts where during oxidative stress GSH can be oxidized to
GSSG. GSH-GSSG can also contribute to redox homeostasis of the cytosol. GSSG to known to
interact with cysteine residues of chloroplast proteins to protect them from oxidation, a process
known as glutathionylation. Also, GSSG can promote the formation of disulfide bonds between
redox-sensitive protein cysteines (Chan et al., 2016). In the plant cell, the chloroplasts maintain a
strongly reducing environment of approximately -360 mV (Chan et al., 2016), while the cytosol
is mildly reducing at approximately -280 mV.
Thus, recombinant His-tagged TOPs were purified from E. coli, untreated (controls) or
following incubation with DTTred, DTTox, GSH, or GSSG, were analyzed by size exclusion
HPLC (SE-HPLC) to separate the dimeric and monomeric forms of TOP based on molecular
weight. TOP1 purified under physiological control conditions eluted from the HPLC column as
two peaks, a strong-intensity lower-molecular weight (MW) peak with a retention time (10.47
min) corresponding to the TOP1 monomer and a high-molecular (MW) weight peak with of
much lower intensity eluted at 9.48 min and corresponding to a dimeric TOP1 form (figure 3.14
A). The dimeric TOP1 peak increased in intensity progressively with the increase in the
oxidation conditions, reaching a maximum in the presence of GSSG. In the presence of DTTox,
an additional peak of higher MW eluted at 8.85 minutes (approximate predicted MW of 230
kDa) and possibly corresponding to a trimeric form of TOP1. A quantitative assessment of
percent peaks areas revealed that TOP1 dimerization state increased in abundance, from an M/D
ratio of 7/1 in the presence of DTT to approximately 2/1 in the GSSG condition; this corresponds
to a 50% shift of TOP1 to dimeric form in a strongly oxidizing environment (figure 3.14 B). A
similar analysis was performed using purified recombinant TOP2. We found that His-tagged
TOP2 eluted as a monomer under control conditions and under reducing conditions following
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treatments with DTTred and DTTox; interestingly, increasing the oxidation potential with the
oxidizing agents GSH and GSSG failed to induce oligomerization of TOP2 (figure 3.14 C).

Figure 3.14

The effect of redox agents on the oligomerization state of TOP1 and TOP2 in vitro
using XBridge BEH column in Agilent 1100 Series LC. All peaks were detected at
280 nm. (A) Native TOP1 treated with a range of redox conditions. (B) The effect
of redox state on AtTOP1 monomer/ dimer/ oligomer equilibrium and
quantification of the percentage of monomer, dimer, and oligomeric forms of
AtTOP1 wild-type. (C) Native TOP2 treated with a range of redox conditions. (D)
TOP2-Trx treated with a reduced and oxidized agent. (E) the percent of Trx-TOP2
peak areas in a reduced and oxidized agent.
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In a previous study, a purified recombinant Trx-TOP2 fusion protein eluted as a both
dimers and monomers, and DTT treatments eliminated the dimeric forms (Ref) suggesting that
similar to TOP1, the monomer/dimer equilibrium of TOP2 is modulated by redox agents. To test
these previous observations in our system, purified Trx-TOP2 was subjected to DTTred or GSSG
treatments and run through the HPLC column. In the absence of redox agents, Trx-TOP2 eluted
in three major peaks, out of which the first eluted at the approximate size of the Trx-TOP2
monomer (10.5 min) (figure 3.14 D). Following DTTred and GSSG treatments, Trx-TOP2 peak
area increased significantly, suggesting that the presence of Trx influences the redox behavior of
Trx-TOP2 fusion towards increasing the abundance of the monomer (figure 3.14 D & E).
Considering their retention time of the peaks 2 and 3, it is possible they are Trx monomers and
dimers resulted from the degradation of Trx-TOP2 fusion. Previous studies have shown that Trx
influences the redox-regulated monomer–dimer equilibrium of many proteins in plants and other
organisms, by promoting monomerization (Hannemann et al., 2016; Stumpp et al., 1999). Thus,
it is possible that thioredoxins may influence TOP2 monomeric state.
Altogether, these results indicate that TOP1 monomer/oligomer equilibrium fluctuates in
response to changes in the redox potential; full oxidation of TOP1 did not occur since only
approximately half of the protein was converted to dimers even under a highly oxidizing
environment. GSH and GSSG increased the dimerization of TOP1 relative to DTTred-DTTox
redox couple, suggesting that TOP1 utilizes a glutathione-dependent mechanism to dimerize.
Unlike TOP1, TOP2 lacks the intrinsic ability to form dimers and oligomers when exposed to
oxidative conditions, although it is possible that TOP1 may be regulated by thioredoxins.
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TOP1 redox-mediated dimerization is controlled by multiple cysteine residues located in
the signal peptide and the peptidase domain
To identify the cysteine residues forming disulfide bonds in TOP1 dimers, individual
cysteines in TOP1 were mutagenized to redox-insensitive alanine residues to obtain six mutants,
TOP1C29A, TOP1C42A, TOP1C52A, TOP1C548A, TOP1611A and TOP1C699A. In addition, to test
whether intra-molecular disulfide bonds exist in TOP2, the four cysteine residues of TOP2 were
changed to Ala to generate TOP2C405A, TOP2C460A, TOP2C523A and TOP2C699A. All mutant TOPs
were expressed and purified from E. coli (figure 3.13).

Figure 3.15

The effect of cysteine residues on the redox-mediated oligomerization state of
TOP1 using XBridge BEH column in Agilent 1100 Series LC. (A) TOP1 mutant in
the signal peptide (C29A, C42A, & C52A). (B) TOP1 mutant in the peptidase
domain (C548A, C611A, & C699A).
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Purified TOP1 mutant proteins were treated with GSSG to examine their ability to
assemble in dimers under a strongly oxidizing environment alongside controls were no redox
agents were added. When compared to the wild type TOP1, several mutants displayed various
degrees of impairment in dimer accumulation in both control and under oxidizing conditions, as
shown in figure 3.15 A & B. Specifically, TOP1C52A and TOP1C611A were the only mutants which
eluted almost exclusively as monomeric forms under both control conditions and in the presence
of GSSG.
Also, although TOP1C29A dimers were detected under control conditions, GSSG treatment
failed to decrease the M/D ratio of this mutant protein. Comparison of the eluted monomer and
dimer peak areas between the wild type and mutant TOP1 proteins, indicate that mutations in
C29, C52 and C611 significantly decreased the ability of the mutant proteins to form dimers;
relative to wild type TOP1, less than 10% of the eluted TOP1C52A and TOP1C611A proteins were
in dimeric form (figure 3.16 B). Considering that two out of the three cysteines participating in
TOP1 dimerization are located in its signal peptide, we hypothesized that this region is required
for TOP1 dimerization. To test this, we removed the N-terminal 90 amino acids of TOP1 to
generate ΔSPTOP1 (figure 3.13 E & F). Purified ΔSPTOP1 was treated with GSSG and analyzed in
the HPLC alongside a non-treated control. We found that ΔSPTOP1 eluted exclusively in as a
monomer in both the control and GSSG-treated sample (figure 3.16 A & B). The oligomerization
of TOP1 wild type and mutant isoforms was also tested by non-reducing PAGE electrophoresis
followed by Western blotting with an anti-His antibody. Purified proteins were incubated with
GSH or GSSG for 30 min and analyzed. A dominant protein band running at the apparent MW
of the monomer was detected for most TOP1 isoforms under both GSH (reducing) and GSSG
(oxidizing) conditions, with the exception of TOP1C29A which showed an anomalous band pattern
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under both conditions (figure 3.16 C). A faint band was observed with the GSSG-treated TOP1
but was lost in the GSH-treated TOP1; the band run at the approximate MW of the dimeric
TOP1. The same band could not be reliably detected in any of the GSSG-treated mutants most
likely because of the reduced abundance of dimers in these protein preparations as seen using the
SE-HPLC.
Mutations in the four cysteine residues of TOP2 had no significant effect on its
monomerization state, as determined by the analysis of TOP2C405A, TOP2C460A, TOP2C523A and
TOP2C611A using SE-HPLC (figure 3.17 A) and by non-reducing PAGE and Western blotting of
GSH- or GSSG-treated proteins (figure 3.17 B). Notably, TOP2C460A and TOP2C523A proteins
were consistently purified at much lower concentrations than the wild type and the other TOP2
mutants, suggesting that C460 and C523 may be important for the monomer stability or
solubility.
In conclusion, the Cys to Ala mutagenesis analysis facilitated identification of the redoxsensitive cysteines and highlighted commonalities and differences between TOP1 and TOP2. We
found that the redox-mediated dimerization/oligomerization of TOP1 was partially lost when
individual cysteines located in the signal peptide and in the peptidase domain were mutated to
alanine, suggesting that TOP1 dimers are bound through several inter-molecular disulfide bonds.
Moreover, removal of the signal peptide abolished the redox-controlled dimerization of TOP1,
suggesting that the cysteines in this region are critical to dimer formation. By comparison to
TOP1, we showed that the cysteine residues in TOP2 are insensitive to redox-mediated posttranslational modifications and that dimerization is likely not a mechanisms for the regulation of
TOP2 in vitro.
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Notably, our results suggest that, in the plant cell, TOP1 is subject to distinct modes of
regulation before and after import into organelles. Although full-length TOP1 may be subject to
oxidation-triggered oligomerization, TOP1 may lose the ability to oligomerize following import
into organelles and removal of its signal peptide. Thus, our analysis of redox-controlled
dimerization of the purified TOPs, indicates that while the full-length TOP1 and TOP2 display
drastically different redox-sensitivities, both organellar TOP1 and full-length TOP2 are resistant
to oxidation-induced dimerization.
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Figure 3.16

The effect of cysteine residues on the redox-mediated oligomerization state of
TOP1. (A) ΔSPTOP1 under reduced and oxidized condition using XBridge BEH
column in Agilent 1100 Series LC. (B) The percent of TOP1 mutants dimerization
vs native TOP1. (C) Immunoblots of AtTOP1 obtained by native 7.5% PAGE
electrophoresis of purified recombinant proteins subjected to reducing or oxidizing
treatments with reduced glutathione (GSH) or oxidized glutathione (GSSG), and
protein detection with anti-His antibody.
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Figure 3.17

The effect of cysteine residues on the redox-mediated oligomerization state of
TOP2. (A) Dimerization identification of TOP2 mutants (C405A, C460A, C523A,
& C611A) using XBridge BEH column in Agilent 1100 Series LC. (B)
Immunoblots of AtTOP2 obtained by native 7.5% PAGE electrophoresis of
purified recombinant proteins subjected to reducing or oxidizing treatments with
reduced glutathione (GSH) or oxidized glutathione (GSSG), and protein detection
with anti-His antibody.

62

Redox-mediated oligomerization of TOP1 is recapitulated in bacterial cultures
To further understand the redox-mediated regulatory mechanisms of the two TOPs we
tested them ex vivo. For this, E. coli cultures induced to express TOP1 or TOP2 were treated with
redox agents. Total protein extracts were subjected to non-reducing PAGE followed by Western
blotting and probing with anti-His antibodies.
Monomeric TOP1, abundant under reducing conditions, progressively and substantially
diminished in abundance under strong oxidizing conditions (-157 to -100 mV). Significantly, we
found that the monomerization of TOP1 under highly oxidizing conditions (treatment with
hydrogen peroxide) was rescued by the addition of reduced glutathione (GSH) but not oxidized
glutathione (GSSG), indicating that the monomerization state of TOP1 is under redox control ex
vivo (figure 3.18 A). Higher-molecular-weight conjugates cross-reacting with anti-His antibody
were detected, and may represent TOP1 oligomers. The conjugates were more abundant under
reducing conditions (DTT/DTTox) and significantly less abundant in the GSH-GSSG and
hydrogen peroxide treatments.
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Figure 3.18

The effect of redox treatments on monomerization/dimerization of TOPs proteins
ex vivo, total proteins were run in native PAGE 7.5% gel acrylamide and
transferred it to PVDF membrane, with control in PageBlue. (A) TOP1. (B) TOP2.
(C) 2D Native/SDS PAGE of treated TOP2 with DTTred and GSSG. (D) TOP1 &
TOP2 under oxidized condition (GSSG).
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In the case of TOP2, the anti-His antibody detected two bands which persisted under all
redox conditions tested (figure 3.18 B). However, the abundance of the two bands changed with
the strength of the redox environment. Specifically, the faster-migrating band which runs at the
predicted MW of the monomer, was stronger and its accumulation decreased with increasing
oxidation of TOP2. The slower-migrating band was not detected under strong reducing
conditions (DTTred) but was visible in most treatments, and its abundance appeared to increase
with oxidation reaching the highest abundance post-DTTox and post-hydrogen peroxide
treatments. We tested weather the slow-migrating band is a dimeric TOP2. However, the
analysis of both DTT- and GSSG-treated TOP2 on a 2D native PAGE/SDS-PAGE approach
identified solely monomeric TOP2, further supporting our hypothesis TOP2 is insensitive to
redox oligomerization (figure 3.18 C). Thus, the slower-migrating band is more likely to
represent an over-oxidized monomer of TOP2. Moreover, similar to TOP1, we identified antiHis reacting high-molecular-weight conjugates in TOP2 preparations that accumulated
particularly under GSH/GSSG treatments; however, these conjugated were much less abundant
in TOP2 compared to TOP1 samples (figure 3.18 B).
Next, we tested the effect of cysteine mutations in TOPs on their ex vivo redoxsensitivity. For TOP1 (figure 3.18 D), mutations in the signal peptide cysteines and peptidasedomain localized C611 but not the others, reduced the accumulation of TOP1 oligomers postGSSG treatment. TOP1C29A mutant could not be detected, suggesting that this mutation may
have a more general impact on the stability of TOP1, rather than its redox sensitivity. For TOP2,
individual cysteine to alanine mutations changed substantially the band pattern of two mutants
relative to the wild type: TOP2C405A and TOP2C460A. Both mutants has reduced or absent
monomeric bands under both reducing and oxidizing conditions suggesting that C405 and C460
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may contribute to the stability of TOP2 monomer, either through formation of an internal
disulfide bridge (figure 3.19) or other structural roles.
To conclude, our results indicate that ex vivo TOP1 redox-mediated oligomerization is
controlled by cysteine residues located in the signal peptide as well as peptidase-domain; these
findings corroborate our in vitro analysis and support a hypothetical model wherein two disulfide
bridges facilitate TOP1 dimerization. In addition, we confirmed that TOP2 monomerization state
persists under a full range of redox environments, although high oxidative conditions may overoxidize the TOP2 monomer.

Figure 3.19

A model of redox-controlled shift in monomerization/ dimerization/
oligomerization of TOP1 in plant cells.
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Peptidase activity of TOP1 and TOP2 on a plant ROC1 peptide
To identify possible plant-specific substrates of TOP1 and TOP2, we performed a
BLAST search of the Arabidopsis proteome with a set of known substrates of human TOP
(hTOP) (Berti et al. 2009). We identified one protein in which an hTOP cleavage site was
conserved - ROC1, a cyclophilin-like peptidyl prolyl cis/trans isomerase (PPIase) and a known
component of the plant immune response. During plant infection with P. syringae, the cysteine
protease effector AvrRpt2 is delivered into the plant cells by the pathogen. In the plant cells,
AvrRpt2 undergoes specific self-cleavage and the AvrRpt272-255 fragment causes the proteolytic
degradation of the negative immune regulator RIN4, thus activating the RPS2-dependent plant
immune response (Coaker et al., 2005, Day et al., 2005). ROC1 is necessary for the selfcleavage of AvrRpt2 and limited degradation of RIN4 at two cleavage sites in the N- and Cterminus of RIN4 (Li et al., 2014).
We set to test the proteolytic activity of TOP1 and TOP2 on ROC1. For this, a ROC1
peptide (ROC1p) comprising the putative cleavage site (ELYTDKTPRTA↓EN) was mixed with
purified TOP1 and TOP2 wild type and mutant isoforms, and cleavage examined by SE-HPLC
(figure 3.20 A). In the absence of a TOP protein, ROC1p eluted as a single peak with the
retention time of 13.4 min, in accordance to its molecular weight (1430 Da), while in the
presence of TOPs, multiple peaks were detected. When TOP1 was added, two peaks were
detected: one at 13.4 min representing the full-length ROC1p and one at 13.8 min representing a
cleaved product of ROC1p. Two products, in addition to the uncleaved ROC1p, were detected
when ROC1p was mixed with Δ1-90TOP1 lacking the signal peptide: one at 13.8 min, similar to
TOP1, and a smaller product at 14.2 min. In the presence of TOP2, ROC1p eluted in two peaks:
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one at 13.8 and one at 14.2 min retention time. These results suggest that TOP1, Δ1-90TOP1 and
TOP2 are able to cleave ROC1p at with distinct specificities and two sites.
To verify that the SE-HPLC peaks detected result from the enzymatic activity of TOP1 or
TOP2 on ROC1p, two active site TOP mutants were generated. The first His residue in the
conserved metallopeptidase active site motif HExxH in both TOP1 and TOP2 were replaced with
Ala, to generate TOP1H571A and TOP2H483A. A similar mutation in hTOP and the related
neurolysin abolished their enzymatic activity on natural substrates (Rioli et al., 2003). In the
presence of TOP1H571A or TOP2H483A, ROC1p eluted uncleaved as shown by the 13.4 min peaks
in figure 3.20 A, indicating that these active-site His residues are required for TOP catalytic
activity on ROC1p.
The signal intensity (peak height) varied for the diverse ROC1p fragments detected in the
presence of TOP1 or TOP2 in the SE-HLPC chromatograms. As illustrated in figure 3.20 B, a
quantitative assessment of percent peak areas showed that the TOP1 cleaved ROC1p with over
85% efficiency at cleavage site 1 (CS-1), while Δ1-90TOP1 cleaved ROC1p with 95% efficiency
at two sites: CS-1 (64%) and CS-2 (31%). TOP2 activity resulted in ROC1p cleavage at CS-2
(90%) and CS-1 (10%). The results indicate that while TOP1 and TOP2 cleave ROC1p, their
cleavage site specificity is distinct, with TOP1 cleaving preponderantly at CS-1 and TOP2
preferring CS-2. Notably, Δ1-90TOP1 showed a hybrid specificity, cleaving ROC1p at both CS-1
and CS-2 but with preferential activity on CS-1.
A similar study was performed with the synthetic TOP peptide substrate RPPGFSAFL.
The SE-HPLC chromatograms (figure 3.21 A) show the uncleaved synthetic peptide eluting at
15.4 min, in accordance to its molecular weight (990 Da). As exhibited in figure 3.21 B, a
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quantitative assessment of percent peak areas showed that the TOPs cleaved the peptide substrate
at retention time 14.7 min. In the presence of TOP1, Δ1-90TOP1, or TOP2, an additional peak is
detected at 15.8 min indicating cleavage at one site within the peptide; compared to TOP1
isoforms, TOP2 cleaved the synthetic peptide with a slightly lower efficiency (83%). Notably,
the active site mutants TOP1H571A or TOP2H483A showed a similar activity on the synthetic
peptide as the wild type TOPs, suggesting that the mechanism for binding and cleavage of this
synthetic substrate differs from the one used for the plant peptide ROC1p.

Figure 3.20

The cleavage activity of ROC1 peptide against TOPs proteins using XBridge BEH
column in Agilent 1100 Series LC. (A) The peak and retention time of ROC1,
and/or the ROC1-derived peptide in the presence of TOP1, ΔSPTOP1, TOP1H571A,
TOP2, or TOP2H483A. (B) The quantification of TOPs (TOP1, ΔSPTOP1,
TOP1H571A, TOP2, or TOP2H483A) cleavage specificity.
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Figure 3.21

The cleavage activity of a substrate peptide against TOPs proteins using XBridge
BEH column in Agilent 1100 Series LC. (A) The peak and retention time of
substrate peptide, and the substrate-derived peptide in the presence of TOP1,
ΔSP
TOP1, TOP1H571A, TOP2, or TOP2H483A. (B) The quantification of TOPs
(TOP1, ΔSPTOP1, TOP1H571A, TOP2, or TOP2H483A) cleavage specificity.

Redox-controlled regulation of TOP1 and TOP2 enzymatic activities
TOP1 and TOP2 are functional oligopeptidases (Wang et al., 2014; Kmiec et al., 2013).
Given that oxidation triggers dimerization of TOP1 but not TOP2 we investigated whether TOPs
in vitro peptidase activity is subject to redox regulation. Purified TOPs were incubated with
redox agents were mixed with the fluorogenic substrate Mca-Arg-Pro-Pro-Gly-Phe-Ser-Ala-PheLys (Dnp)-OH and the fluorescence emitted from the reaction was monitored. As negative
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controls, we used TOP-only and substrate-only reactions, as well as reactions containing purified
TOP1 and TOP2 not treated with a redox agent.
The first set of assays investigated TOPs activity under reducing conditions (figure 3.22
A & B). We incubated TOPs with various concentrations of DTTred-DTTox to measure
enzymatic activities at the following redox potentials -350, -332, -322, and -220 mV. Both TOP1
and TOP2 activities were inhibited by high reducing stress; TOP1 showed the lowest activity
levels (approximately 25% of the untreated control) in the reducing potential range of -350 to 332 mV. Notably, the activity of the DTTox-treated TOP1 was similar to TOP1 control. Next,
TOPs were incubated with incubation with various concentrations of the cellular redox buffer
system GSH-GSSG to measure its activity at redox potential values: -260, -157, -147, and -100
mV (figure 3.23 A & B). We found that TOP1 activity increased progressively with increasing
oxidation, reaching the highest values in the GSSG-treated sample (figure 3.24 A), whereas
TOP2 maintained a constant level of activity over the whole redox range tested, and at similar
values to the untreated control (figure 3.24 B). When comparing the average activities of TOPs
under reducing and oxidative conditions, it is clear that oxidative environment has a positive
effect on both activities. Given that the GSH-GSSG had the strongest impact, it is possible that
redox post-translational modifications such as glutathionylation, may alter TOP1 and TOP2
activity.
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Figure 3.22

Differential redox-regulated AtTOP1 and AtTOP2 enzymatic activities; the
activity of purified recombinant AtTOP1 and AtTOP2 under a range of reducing
and oxidizing conditions obtained using DTTred, DTTred-ox, DTTox-red, &
DTTox.
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Figure 3.23

Differential redox-regulated AtTOP1 and AtTOP2 enzymatic activities; the
activity of purified recombinant AtTOP1 and AtTOP2 under a range of reducing
and oxidizing conditions obtained using GSH, GSH-GSSG, GSSG-GSH, &
GSSG.
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Figure 3.24

Quantification of AtTOP1 and AtTOP2 along the redox potential values tested. (A)
TOP1. (B) TOP2.
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Overall, our results indicate that the enzymatic activities of both TOP1 and TOP2 are
subject to redox regulation. Oxidation considerably increased the activities of both TOP1 and
TOP2. However, whereas TOP1 showed incremental increase in activity with the rise in
oxidation potential, TOP2 was fully active even at mildly reducing conditions. Oxidationmediated dimerization of TOP1 may explain its incremental increase in activity levels under
oxidative conditions, as both TOP1 monomers and dimers are enzymatically active (Moreau et
al., 2013). Our results suggest that the two proteins are subjected to distinct modes of redox
regulation reflecting their sub-cellular localization and biological functions.

TOP activity is under the strong control of the plant redox environment
Results obtained with purified recombinant TOP1 and TOP2 indicate that an oxidative
environment increases their activities. We hypothesized that TOP1 and TOP2 activities are
subject to redox regulation in the plant. The onset of the plant systemic acquired immunity
(SAR) is preceded by an oxidative burst phase wherein the plant accumulates reactive oxygen
species (ROS) which triggers redox-mediated signaling and protein oxidation. Thus, it is possible
that the redox-related processes occurring during SAR would impact TOP1 and TOP2 activity.
To test this, we measured TOP activity in plants undergoing systemic acquired immunity
(SAR). We used the Arabidopsis Col-0 wild type alongside two mutant lines, top1top2 and
ntrc1. top1top2 is impaired in the expression of both TOP1 and TOP2 genes and previous work
in our lab showed that, compared to Col-0, it has a delayed oxidative burst and reduced levels of
protein oxidation in the leaves inoculated with PstAvrRpt2 in the early stages of the effectortriggered immunity (McConnell et al., 2019). The ntrc line is defective in the expression of
Plastid-localized NADPH-dependent thioredoxin reductase (NTRC). NTRC is a redox-regulator
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of chloroplast processes including biogenesis of chloroplasts and ROS metabolism (Toivola et
al., 2013); mutants unable to produce NTRC are redox-imbalanced, have low reducing power for
hydrogen peroxide reduction in chloroplasts, and are hypersensitive to oxidative stress (Serrato
et al., 2004).
To induce SAR, wild type and mutant plants were inoculated with the avirulent bacteria
Pseudomonas syringae AvrRpt2 (PstAvrRpt2) or MgCl2 as a negative control; un-inoculated
systemic leaves undergoing SAR were collected, and total protein was extracted and tested using
the fluorogenic substrate Mca-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys (Dnp)-OH (figure 3.25 A).
In Col-0 plants inoculated with PstAvrRpt2, TOPs activity increased over 3-fold compared to
control plants inoculated with MgCl2, as shown by the measured fluorescence (figure 3.25 B),
suggesting that the SAR-related changes in the cellular redox environment led to the activation
of TOP1 and TOP2. By comparison to Col-0, TOP activity was reduced by 70% in top1top2
plants inoculated with MgCl2, and decreased by approximately 80% in top1top2 inoculated with
PstAvrRpt2 (figure 3.25 B), indicating that the TOP activity measured in Col-0 is mostly due to
TOP1 and TOP2. The residual activity measured could be due to another thimet-related protein
of Arabidopsis (Moreau et al., 2013). Thus, in Col-0 and to a significantly smaller scale in
top1top2, SAR activation led to increased TOP activity. A different outcome was obtained with
the redox-imbalanced ntrc line, which under control conditions showed a 2-fold increase in TOP
activity (figure 3.25 B). Furthermore, when comparing MgCl2 control and PstAvrRpt2inoculated ntrc lines, we found that TOP activity in pathogen-inoculated plants decreased with
approximately 30% compared to MgCl2 controls. These results suggest that the low reducing
power in the ntrc plants leads to a higher TOP activity even in the absence of the pathogen, and
that ntrc is unable to mount a normal SAR response.
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Altogether, these data reveal several important features of TOP1 and TOP2: a) under
physiological conditions, in the reducing cellular redox environment, TOPs show basal levels of
activity; b) SAR-mediated adjustments in the redox environment, most likely due to increase in
the oxidation potential of the cell, leads to a substantially higher TOP2 activity; and c) a decline
in the reducing power of the plant also favors a higher TOP activity.

Figure 3.25

The enzymatic activities of the total proteins that extracted from Arabidopsis
leaves. (A) The fluorescence intensity of total protein with fluorogenic substrate.
(B) The enzymes activity of total proteins.

Analysis of thermal denaturation of TOPs
The thermal stability of TOPs proteins was carried out on fluorometer to determine the
effect of temperature on unfolding (figure 3.26 A, 3.27 A) and refolding proteins (figure 3.26 B,
3.27 B). When the temperature is increased, the fluorescence intensity is quenched, as shown in
figure 3.26 A, B, & C and figure 3.27 A, B, & C due to the effect the temperature on the
tryptophan (Chib et al., 2015). According to Chib et al., the Tryptophan is highly polarity
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sensitive and decreases in fluorescence lifetime when exposed to a polar environment (2015).
Increasing the temperature (20-65 oC), it is increased the unfolding proteins (denature) and
decreased the fluorescence intensity (figure 3.26 A & 3.27 A), while decreasing the temperature
(65-20 oC), it is increased the refolding proteins (renature) and increased the fluorescence
intensity (figure 3.26 B, 3.27 B). However, the refolding proteins were partially refolded. In fact,
the fluorescence intensity for folding protein was higher than that for refolding protein at 20 oC
(figure 3.26 C & 3.27 C). All in all, the folding and unfolding proteins fluorescence intensity was
higher than that for the refolding proteins

TOP1 and TOP2 contain surface-exposed cysteine residues
Redox-sensitive pathways are commonly regulated by thiol modifications. Animal TOPs
are cysteine-rich peptidases, with cysteine residues participating in both intra- and intermolecular redox-sensitive disulfide bonds (Demasi et al., 2008; Shrimpton et al., 1997). Plant
TOP1 and TOP2, while containing fewer cysteines, may be subject to similar thiol-based
regulation. The 3D structures of full-length TOP1, the organellar TOP1 lacking the signal
peptide (ΔSPTOP1), and TOP2 were compared to assess the location, surface exposure and
conservation of cysteine residues (figure 3.1 & 3.2 A-F). In the structural model of full-length
TOP1, the three cysteines located in the N-terminal region representing the signal peptide, are
surface exposed (Table 3.3) suggesting a possible regulation via thiol oxidation. In both ΔSPTOP1
and TOP2 structures, most cysteines were buried, apart from Cys699 in TOP2 showing 70%
protein surface exposure. Measurement of Cys-to-Cys distances in TOP1 isoforms and TOP2,
suggest that none of the cysteine residues are located within distances conducive to intramolecular disulfide bond formation (table 3.1). Notably, whereas the three cysteines of ΔSPTOP1
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are conserved in TOP2, Cys405 is unique for TOP2 (figure 1.2). In addition, figure 3.1, 3.2 B, E,
& F, show that Cys 405 in TOP2 is not compatible with any Cys in TOP1. Taking into
consideration distinct subcellular localization and unique structural characteristics of TOP1 and
TOP2, their cysteine residues may be positioned to allow for redox modulation and differential
regulation of these two oligopeptidases.

3D structure of TOPs proteins and analysis of cysteines role
3D structure of TOPs proteins and focus on Cysteine 611 for TOP1 and Cysteine 523 for
TOP2, so we designed modeling TOP1 with a signal peptide and compared it to TOP1 without a
signal peptide and TOP2. We see the position of cys 611 for TOP1 and cys 523 for TOP2 in the
same conformation, and they did not form a dimer but modeling TOP1 with a signal peptide has
a cys in different position, which is able to form dimer, so we think that the change of cys
conformation can affect the dimerization, as exhibited in figure 3.28 A-G. However, cys 611 for
TOP1 with a signal peptide and TOP1 (without the single peptide) and cys 523 for TOP2 are
100% buried, and they have the highest pKa values compare that to the other cysteines, as shown
in table 3.3. In addition, the compound that has a higher pKa has more affinity to make a
covalent bond than that in the lower pKa for cysteines (Bermejo-Velasco et al., 2019); cysteines
(C611 for TOP1 and C523 for TOP2) have higher pKa. Hence, those cysteines that have a thiol
group tend to form a covalent bond with another cysteine to make a disulfide bond, as exhibited
that in figure 1.2.
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Figure 3.26

Thermal denaturing of TOP1 using a Fluorometer to measure the fluorescence
intensity of TOP1 in a variety range of temperature at Ex280nm and Em(300-500)nm. (A)
TOP1 at temperature range (20-65) oC. (B) TOP1 at temperature range (65-20) oC.
(C) The linear regression fit of TOP1 in two groups (denature & renature) at
Ex280nm and Em338nm.
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Figure 3.27

Thermal denaturing of TOP2 using a Fluorometer to measure the fluorescence
intensity of TOP2 in a variety range of temperature at Ex280nm and Em(300-500)nm. (A)
TOP2 at temperature range (20-65) oC. (B) TOP2 at temperature range (65-20) oC.
(C) The linear regression fit of TOP2 in two groups (denature & renature) at
Ex280nm and Em338nm.
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Figure 3.28

3D structure analysis of TOPs proteins, focusing on Cys 611 for TOP1 and Cys
523 for TOP2. (A) Cys 611 in TOP1 (without the signal peptide). (B) Cys 523 in
TOP2. (C) Cys 611 in the modeling TOP1 (with the signal peptide). (D, E, F, & G)
The comparison of Cys position in the 3 D structure. (D) TOP1 & modeling TOP1.
(E) TOP1 & TOP2. (F) TOP1 & TOP2. (G) All of them.
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Table 3.3

The pKa values and the estimated percentage of buried cysteines in modeling
TOP1 (with the signal peptide), TOP1 (without the single peptide), and TOP2.
Protein

Cys Position

The signal
Modeling
peptide (3 Cys)
TOP1 with
a single
Peptidase
peptide
domain (3 Cys)
TOP1

Peptidase
domain (3 Cys)

TOP2

(4 Cys)

Cys Number
Cys 29
Cys 42
Cys 52
Cys 548
Cys 611
Cys 699
Cys 548
Cys 611
Cys 699
Cys 405
Cys 460
Cys 523
Cys 611

pKa
8.94
9.58
9.13
14.36
15.48
11.27
13.13
14.22
10.42
10.62
12.35
13.72
11.2

Buried
0%
48%
0%
100%
100%
78%
100%
100%
77%
40%
100%
100%
85%

Conclusions
In this chapter we describe the main results of our biochemical characterization of plant
TOPs. We showed that TOP1 is sensitive to redox-mediated homo-oligomerization and predicted
critical Cys residues that may be involved in the regulatory oligomerization mechanisms. We
demonstrated our findings ex vivo using bacterial cultures. To characterize the TOPs activity
under varying redox conditions, we performed proteolytic activity assys using ROC1, a plant
peptide substrate previously identified (Li et al., 2014) and an additional synthetic peptide. We
showed that TOPs activity is under the rigid control of the plant redox environment and
suggested mechanisms that may be involved in its activity regulation.
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DISCUSSION AND CONCLUSION
Discussion of TOPs biochemical activity and regulatory mechanisms
Westlake et al and Moreau et al demonstrated that TOP1 and TOP2 are components of
the salicylic acid modulated signaling pathways and are necessary for the reversible protein
cysteine oxidation occurring in the early stages of the effector-triggered plant immunity (2015;
2013), and showed that TOPs may function through a mechanism wherein a strong reductive
environment differentially inhibits TOPs activity (McConnell et al., 2019). Collectively, these
studies strongly associate TOP1 and TOP2 with plant immunity, as components regulated by
ROS mechanisms and argue for their importance as participants in redox signaling associated
with immune response and oxidative stress. To further understand the regulatory mechanisms of
TOPs, we conducted a series of experiments to characterize TOP1 and TOP2 activity dynamics
in plants with modified redox environments undergoing systemic acquired immunity,
characterized structural determinants controlling their sensitivity to a wide range of redox
environments in vitro and ex vivo by testing TOP ability to form oligomers affecting their
catalytic activity, and identified a potential natural substrate of TOP1 and TOP2 with
implications on their immune functions.
TOP1 responds to changes in redox conditions through two mechanisms, one involving
changes in the monomer/dimer/multimer equilibrium and the other involving its catalytic
activity. High reducing conditions favored the monomeric form and inhibited its peptidase
activity on the quenched synthetic substrate; by comparison, oxidative conditions favored
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formation of dimeric and oligomeric (tetrameric) forms and increased TOP1 activity. Altering
the ability of chloroplasts to produce reductive equivalents such as NADPH, constitutively
activated TOP1 activity in plant tissues. Notably, for the purified protein, the increase in activity
appears to be gradual rather than switch-like, mirroring the accumulation of dimers within the
range of oxidative potentials we tested. Since TOP1 dimers are active enzymatically (Westlake et
al., 2013), we surmise that TOP1 dimerization enhances its activity in oxidative relative to
reductive environments. Our results suggest that two cysteines located in two distinct TOP1
regions – Cys52 in the signal peptide and Cys611 in the peptidase domain – have the potential to
establish intermolecular disulfide bonds. These results have significant implications for the
redox-regulation TOP1 in plant cells, as they suggest that structural particularities of TOP1 are
strong determinants of the type of regulation and redox-sensitivity of cytosolic TOP1 prior to
import into organelles, and the chloroplast-localized TOP1 (DSPTOP1). The capacity of TOP1 to
form enzymatically active dimers is reminiscent of a similar characteristic of mammalian TOP,
whereby Cys residues in the C-terminus form dimers that show no activity loss compared to
monomers (Sigman et al., 2003). Based on our results we infer a potential redox-regulation
model of TOP1. In the mildly reducing conditions of the plant cell cytosol, full length TOP1 has
basal-levels of activity; following accumulation of ROS and a heightened oxidation state, such as
during the plant immune response, TOP1 undergoes oxidative activation through formation of
dimers and a significant increase in catalytic activity, possibly contributing to the degradation of
oxidized proteins. The distinct modes of redox regulation of full length TOP1 and organellar
TOP1 are possibly an adaptation to the steep redox changes in the chloroplast during the
transition from the light to dark metabolic phases. The chloroplast has a highly reducing
potential in the dark when the photosynthesis (PS) machinery is inactive, but switches to higher
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oxidation states in the light due to high local accumulation of ROS. In this model, the
chloroplastic TOP1 would be inactive at night and optimally active during the day when its
activity is increased by oxidation from PS-produced ROS. Given that glutathione treatments
provide the strongest impact on TOP1 activity, it is possible that redox post-translational
modifications such as glutathionylation may alter TOP1 activity. GSSG is known to interact with
cysteine residues of chloroplast proteins to protect them from oxidation, a process known as
glutathionylation (Chan et al., 2016). However, TOP1 glutathionylation is still a hypothesis that
remains to be tested.
Another significant finding of our study was that TOP2 catalytic activity, and not its
monomerization state, is under redox control. Similar to mammalian TOP, TOP2 cysteine
residues in its structure are positioned in an arrangement unfavorable to form intramolecular
disulfide bonds. Purified TOP2, as well as TOP2 in E. coli cultures subjected to redox
treatments, did not form dimers or oligomeric structures within the wide range of redox
environments tested. However, we demonstrated that TOP2 catalytic activity is subject to redoxregulation; reducing stress strongly inhibited its activity, whereas TOP2 maintained a high
activity over a range of mildly reducing to strong oxidizing conditions. Since two of TOP2
cysteines are partially exposed to the protein surface, these residues may be oxidized to
reversible states or subject to protective glutationylation at low levels of oxidative stress. The
two TOP2 monomeric forms, may thus represent such differentially oxidized TOP2 forms.
Reversibly oxidized TOP cysteines could be also be reversed to thiol by the Trx thioredoxin
reductase system and sustain the high-level activity of TOP2 under oxidative stress. Strong
oxidation with H2O2 may lead to irreversible TOP2 oxidation, when TOP2 may be targeted for
proteolysis through 20S proteasome. This is the case with the rat TOP whose H2O2 -mediated
88

oxidation produced sulfenic acid and maintained rTOP in the monomeric form; rTOP also
interacted with dimeric thioredoxin TRx-1 and remained covalently bound to one subunit of
TRx-1, suggesting that the thioredoxin system is responsible for regenerating the reduced active
form of rTOP (Icimoto et al., 2017). Thus, TOP2 may also participate in redox signaling with
Trx, to function at optimal activity in conditions where the endogenous H2O2 amount increases.
Activation by oxidation of enzymatic activities has been recorded in many experimental
systems. Constitutive activation of chaperone-activated authophagy during oxidative stress
contribute to the efficient removal of oxidized proteins, and has been associated with the higher
activity of proteins associated with this pathway under these conditions (Kiffin et al., 2004).
Direct oxidation of the cyclooxygenase COX by nitric oxide activated its catalytic activity
(Salvemini et al., 1993). Oxidative activation of kinases such as CaMKIIδ (Erickson et al., 2008)
which connects oxidative signaling oxidant stress, Ca2+ signals and cellular responses. In plants,
OXI1 kinase necessary for oxidative burst-mediated signaling in Arabidopsis, is induced by
H2O2 in ex vivo (Rentel et al., 2004).

Conclusion
Here we demonstrate that while both TOP1 and TOP2 respond to changes in the redox
potential, they employ distinct redox regulatory mechanisms. We determined that TOP1 forms
inter-molecular disulfide bridges involving C52 in the signal peptide and C611 in the peptidase
domain and that the redox potential influences the monomer/dimer/oligomer equilibrium of
recombinant TOP1 purified and ex vivo in bacterial cultures; conversely, the TOP2
monomerization state is stable under a wide range of redox environments in vitro and ex
vivo. We assessed TOPs specific activity in vitro under a wide range of redox conditions. We
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found that under strong reducing stress both TOPs are inhibited. TOP2 displays maximum
activity levels in the range of the cytosolic redox potential (-265 mV) and its activity remains
constant with increasing oxidation. TOP1 activity fluctuates to a larger extent than TOPs in the
range of mild reducing to strong oxidizing conditions; TOP1 activity increases gradually with
increasing oxidation to reach a maximum under strong oxidative stress. Further, we show that
TOP specific activity changes in response to shifts in plant redox environment caused by
activation of the plant immune response or by disruption of the chloroplast redox homeostasis
system. Whereas both TOPs cleave a synthetic TOP substrate with equal efficiencies and similar
cleavage specificities, these two parameters are distinct when measuring TOPs activity on a new
plant cyclophylin peptide substrate. Overall, our results indicate that plants TOPs are redoxsensitive oligopeptidases that have diverged from their animal homologs in their ability to sense
modifications in the redox potential and in the mechanistic details of their redox control.

90

REFERENCES
Chan, K. X., Mabbitt, P. D., Phua, S. Y., Mueller, J. W., Nisar, N., Gigolashvili, T., & Jackson,
C. J. (2016). Sensing and signaling of oxidative stress in chloroplasts by inactivation of
the SAL1 phosphoadenosine phosphatase. Proceedings of the National Academy of
Sciences, 113(31), E4567-E4576.
Erickson, J. R., Mei-ling, A. J., Guan, X., Kutschke, W., Yang, J., Oddis, C. V., ... &
Zimmerman, M. C. (2008). A dynamic pathway for calcium-independent activation of
CaMKII by methionine oxidation. Cell, 133(3), 462-474.
Icimoto, M. Y., Ferreira, J. C., Yokomizo, C. H., Bim, L. V., Marem, A., Gilio, J. M., & Nantes,
I. L. (2017). Redox modulation of thimet oligopeptidase activity by hydrogen
peroxide. FEBS open bio, 7(7), 1037-1050.
Kiffin, R., Christian, C., Knecht, E., & Cuervo, A. M. (2004). Activation of chaperone-mediated
autophagy during oxidative stress. Molecular biology of the cell, 15(11), 4829-4840.
McConnell, E. W., Berg, P., Westlake, T. J., Wilson, K. M., Popescu, G. V., Hicks, L. M., &
Popescu, S. C. (2019). Proteome-wide analysis of cysteine reactivity during effectortriggered immunity. Plant physiology, 179(4), 1248-1264.
Moreau, M., Westlake, T., Zampogna, G., Popescu, G., Tian, M., Noutsos, C., & Popescu, S.
(2013). The A rabidopsis oligopeptidases TOP 1 and TOP 2 are salicylic acid targets that
modulate SA‐mediated signaling and the immune response. The Plant Journal, 76(4),
603-614.
Rentel, M. C., Lecourieux, D., Ouaked, F., Usher, S. L., Petersen, L., Okamoto, H., ... & Knight,
M. R. (2004). OXI1 kinase is necessary for oxidative burst-mediated signalling in
Arabidopsis. Nature, 427(6977), 858.
Salvemini, D., Misko, T. P., Masferrer, J. L., Seibert, K., Currie, M. G., & Needleman, P. (1993).
Nitric oxide activates cyclooxygenase enzymes. Proceedings of the National Academy of
Sciences, 90(15), 7240-7244.
Sigman, J. A., Sharky, M. L., Walsh, S. T., Pabon, A., Glucksman, M. J., & Wolfson, A. J.
(2003). Involvement of surface cysteines in activity and multimer formation of thimet
oligopeptidase. Protein engineering, 16(8), 623-628.
Westlake, T. J., Ricci, W. A., Popescu, G. V., & Popescu, S. C. (2015). Dimerization and thiol
sensitivity of the salicylic acid binding thimet oligopeptidases TOP1 and TOP2 define
their functions in redox-sensitive cellular pathways. Frontiers in plant science, 6, 327.

91

PROTEOMICS ANALYSIS OF SWEETPOTATO (IPOMOEA BATATAS) LEAF AND
ROOT
This work was published in Journal of Proteome Research - ACS Publications; J. Proteome
Res.2019, 18, 7, 2719-2734; (https://doi.org/10.1021/acs.jproteome.8b00943).
Abstract
Two complementary protein extraction methodologies coupled with an automated
proteomic platform were employed to analyze tissue-specific proteomes and characterize
biological and metabolic processes in sweetpotato. A total of 74,255 peptides corresponding to
4,321 nonredundant proteins were successfully identified. Data were compared to predicted
protein accessions for Ipomoea species and mapped on the sweetpotato transcriptome. Overall,
39,916 peptides mapped to 3,143 unique proteins in leaves, and 34,339 peptides mapped to 2,928
unique proteins in roots. Primary metabolism and protein translation processes were enriched in
leaves, whereas genetic pathways associated with protein folding, transport, sorting, as well as
pathways in the primary carbohydrate metabolism were enriched in storage roots. Data are
available via ProteomeXchange with identifier PXD012999.

Introduction
Sweetpotato (Ipomoea batatas, Lam.) is a perennial dicotyledonous plant classified in the
Order Solanales and Convolvulaceae family. The Ipomoea genus includes I. nil (Japanese
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morning glory), an experimental model plant for the genus, and the wild relatives of sweetpotato
I. trifida and I. triloba. Sweetpotato is a staple food and a valuable annual crop in the world
economies. Although still regarded as an underutilized crop, sweetpotato yield has increased
over the last 15 years to cover the demand for human consumption, animal feed, and derivative
industrial products such as biofuels (Islam, 2006).
The cultivated sweetpotato is a highly polymorphic allo-autohexaploid. Sequencing and
assembly of the haplotype-resolved I. batatas and full genomes of the diploids I. nil and I. trifida
clarified aspects of Ipomoea ssp. genome organization, and the origin and evolution of
sweetpotato (Yang et al., 2017; Hoshino et al., 2016; Hirakawa et al., 2015). Nevertheless,
unresolved issues in the I. batatas current genome assembly and transcriptome (i.e., reading
frame prediction, exon border, and splice junction definition), have indirectly impacted
proteomic efforts with the result that few published studies are focused on Ipomoea proteomes.
So far, protein-level analyses of I. batatas have mostly relied on gel-based systems to capture
differentially expressed proteins in cultivars with distinctly-colored flesh (Lee et al., 2012),
pencil versus storage roots (Lee et al., 2015), and following mechanical or environmental stress
(Jiang et al., 2012; Urbany et al., 2011). A recently published high-throughput comparative study
identified 1541 and 1201 proteins, respectively, in two sweetpotato ecotypes; however, the
extracted peptides were mapped using a search against Viridiplante with only 0.01% of the
approximately 1,700 identified proteins matching accessions in I. batatas or I. nil (Shekhar et al.,
2016).
Alongside genome complexity, the chemical composition of sweetpotato has also
rendered the mapping its proteome challenging (Ishida et al., 2000). Sweetpotato storage roots
have low protein content compared to other similar crops, whereas leaves have a high content of
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secondary metabolites, which can make the extraction of proteins of sufficient quality and
quantity potentially difficult (Shekhar et al., 2015). A survey of the relevant literature (Wang et
al., 2016; Jiang et al., 2012; Lee et al., 2012; Lee et al., 2015; Shekhar et al., 2016) highlights
the necessity of method optimization for the maximum achievable protein purity and quantity
from sweetpotato. The ideal methodology should allow identification of a large number of
proteins with high accuracy and possess high analytical resolution in protein separation
(Salekdeh et al., 2007). Also, extraction methods should reveal tissue-specific mechanisms for
growth, development, and adaptation to biotic and abiotic stresses (Hashiguchi et al., 2010;
Ahsan et al., 2010).
In this work, we evaluate the performance of two methods for tissue-specific protein
extraction from sweetpotato, and identify the composition and functionally characterize the leaf
and storage root proteomes using a high-throughput label-free methodology.

Materials and Methods
Plant material and tissue collection.
Sweetpotato Beauregard cultivar was obtained from the Pontotoc Ridge-Flatwoods
Branch Experiment Station, Pontotoc, MS. Slips of Beauregard sweetpotato were transplanted
into polyvinyl chloride (PVC) pots (20 cm diameter and 35 cm height) filled with a potting
medium containing topsoil and sand mix (1:3 by volume). Ten pots of Beauregard sweetpotato
slips were grown under outdoor pot-culture conditions located at the Environmental Plant
Physiology Laboratory, MSU. The plants were watered with Hoagland’s nutrient solution three
times a day to supply nutrients and water for plant growth. The leaf samples were harvested from
1-month old sweetpotato plants and stored at -80 0C until processed. The storage root samples
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were grown in a dryland environment on Atwood soil (Fine-silty, mixed, thermic Typic
Paleudalfs) for 110 days. The samples were harvested and cured at 29 0C for 7 days and stored at
16 0C until processed. Both leaf and roots were lyophilized before protein extraction.

Protein extraction.
The sweetpotato samples analyzed in this study were taken from multiple plants; the
organ-specific samples were processed individually. Samples from multiple biological replicates
were mixed before protein extraction; approximately 100 g of lyophilized root tissue and 5 grams
of ground leaf tissue was used for protein purification.
Phenol procedure (M1). For phenol extraction we used the protocol described in (Lee et
al., 2012) to which we made the following modifications. Phenol was treated with a Tris-HCl
buffer to prepare phenol-saturated buffer (pH 8.0) with 0.1% 8-hydroxyquinoline. A 200 mg of
powdered sample was extracted with 750 µL of phenol-saturated buffer and 750 µL of extraction
buffer (100 mM Tris base, 900 mM sucrose, & 10 mM EDTA at pH 8.0), vortexed for 1 h at
room temperature (RT) and centrifuged at 13000 RPM for 10 min at 4 °C. The upper phase (330
µL) was mixed with 5 volumes (1650 µL) of ice-cold precipitation solution (100 mM
NH4CH3CO2 in 100% methanol), and incubated at -20 °C overnight (16 h) (Lee et al., 2015). The
sample was then centrifuged at 6,000 RPM for 10 min at RT, the pellets collected and mixed
with 1 mL of ice-cold precipitation buffer followed by centrifugation at 13,000 RPM for 5 min at
RT. The pellets were washed with 1 mL 80% cold acetone and centrifuged at 13,000 RPM for 5
min at RT. After a similar final wash with 1 mL 70% ice-cold ethanol, the pellets were
resuspended in 300 µL 70% ethanol and stored at -20 °C.
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polyethylene glycol (PEG) procedure (M2). For the PEG procedure, we combined and
modified the protocols described in (Acquadro et al., 2009; Hurkman et al., 1986; Lee et al.,
2007). Briefly, 500 mg of powdered sample was mixed with 5 mL buffer (500 mM of Tris-HCl,
2% NP-40, 2% b-Mercaptoethanol, 20 mM MgCl2, 1 mM PMSF at pH 8.3), and centrifuged for
15 min at 3000 RPM at 4 °C. The supernatant was filtered through a 2.0 µm filter to remove
impurities and insoluble residues and 50% PEG 4000 was added to the supernatant to the final
concentration of 15% PEG 4000. The samples were incubated on ice for 30 min and centrifuged
at 12000 RPM for 15 min at 4 °C. (Lee et al., 2007; Acquadro et al., 2009). To precipitate
proteins, the supernatant was mixed with cold acetone (-20 °C) – 2 volumes for the root and 4
volumes for the leaf samples – incubated at -20 °C for 30 min and centrifuged at 13000 RPM for
5 min (Hurkman et al., 1986). The pellets were mixed with 1 mL 80% cold acetone, centrifuged
at 13000 RPM for 5 min, washed with 1 mL of 70% ethanol and re-suspended in 500 µL 70 %
ethanol for storage at -20 °C.
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Figure 5.1

Methodology for sweetpotato protein extraction and identification by LC-MS/MC.
Workflow for protein extraction and purification from leaf and root tissue and
peptide/protein identification by LC-MS/MC.
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Figure 5.2

Representative SDS-PAGE of total protein preparations obtained from roots (R1R4) and leaves (L1-L4) using the phenol-based (M1) and PEG4000 fractionation
(M2) protocols for protein extraction. The SDS-PAGE gels were stained with
Coomassie to visualize protein bands. The protein marker and MWs (kDa) are
shown on the left on each gel. (A) Root. (B) Leaves.

Sample preparation and LC-MS/MS analysis
Cell pellets were mixed with lysis buffer (8 M urea, 1 mM sodium orthovanadate, 20 mM
HEPES, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, pH 8.0, 20 min, 4°C),
sonicated and cleared by centrifugation (12500 RPM, 15 min, 4°C). Protein concentration was
measured (Pierce BCA Protein Assay, Thermo Fisher Scientific, IL, USA) and 100 μg of protein
per sample was subjected to trypsin digestion. It is important to note that, the cell lysate was
diluted 4-fold with 20 mM HEPES buffer, pH 8.0 prior to protein concentration measurement
and trypsin digestion. Tryptic peptides were desalted using C18 Sep-Pak plus cartridges (Waters,
Milford, MA) and were lyophilized for 48 hours to dryness. The dried eluted peptides were
reconstituted in buffer A (0.1 M acetic acid) at a concentration of 1 μg/μl, and 5 μl was injected
for each analysis. The LC-MS/MS was performed on a fully automated proteomic technology
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platform (Yu et al., 2009; Yu et al., 2010) that includes an Agilent 1200 Series Quaternary
HPLC system (Agilent Technologies, Santa Clara, CA) connected to a Q Exactive Plus mass
spectrometer (Thermo Fisher Scientific, Waltham, MA). The LC-MS/MS set up was used as
described earlier (Ahsan et al., 2017). Briefly, the peptides were separated through a linear
reversed-phase 90 min gradient from 0% to 40% buffer B (0.1 M acetic acid in acetonitrile) at a
flow rate of 3 μl /min through a 3 μm 20 cm C18 column. The electrospray voltage of 2.0 kV
was applied in a split flow configuration, and spectra were collected using a top-9 datadependent method. Survey full scan MS spectra (m/z 400-1800) were acquired at a resolution of
70,000 with an Automatic Gain Control (AGC) target value of 3×106 ions or a maximum ion
injection time of 200 ms. The peptide fragmentation was performed via higher-energy collision
dissociation with the energy set at 28 normalized collision energy (NCE). The MS/MS spectra
were acquired at a resolution of 17,500, with a targeted value of 2×104 ions or maximum
integration time of 200 ms. The ion selection abundance threshold was set at 8.0×102 with charge
state exclusion of unassigned and z =1, or 6-8 ions and dynamic exclusion time of 30 seconds.

Database searching
Peptide spectrum matching of MS/MS spectra of each file was searched against the NCBI
Ipomoea taxon (txid4119) proteins dataset containing 58282 proteins (NCBI; downloaded
2/12/2018) using MASCOT v. 2.4 (Matrix Science, Ltd, London, UK). A concatenated database
containing “target” and “decoy” sequences was employed to estimate the false discovery rate
(FDR) (Elias et al., 2007). Msconvert from ProteoWizard (v. 3.0.5047), using default parameters
and with the MS2Deisotope filter on, was employed to create peak lists for Mascot. The Mascot
database search was performed with the following parameters: trypsin enzyme cleavage
99

specificity, 2 possible missed cleavages, 10 ppm mass tolerance for precursor ions, and 20 mmu
mass tolerance for fragment ions. Search parameters permitted variable modification of
methionine oxidation (+15.9949 Da) and static modification of carbamidomethylation (+57.0215
Da) on cysteine. The resulting peptide-spectrum matches (PSMs) were reduced to sets of unique
PSMs by eliminating lower scoring duplicates. To provide high confidence data, the Mascot
results were filtered for Mowse Score (>20). Peptide assignments from the database search were
filtered down to a 1% FDR by a logistic spectral score as previously described (Elias et al., 2007;
Yu et al., 2009). One peptide/protein was considered a positive identification. The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE (Perez-Riverol et al., 2018) partner repository with the dataset identifier PXD012999.

Bioinformatics
Unique, MASCOT-identified peptides were queried using tBLASTn against either the
sweetpotato genome or transcriptome available at http://public-genomesngs.molgen.mpg.de/SweetPotato/DOWNLOADS/.
GO analysis. Protein coding sequences were retrieved for all unique hits identified from
mass spectrometry data from NCBI. The PANTHER HMM Scoring tool (Mi et al., 2013) was
used to score protein sequences against the entire PANTHER HMM library which was last
updated 2/8/18. Top HMM hits below an E-value cutoff of 0.001 were kept for further analysis
resulting in 4286/4321 (99.2%) of sequences being mapped to a PANTHER family. PANTHER
Generic Mapping files were generated for individual datasets in R for GO term enrichment.
Protein classes were retrieved using the PANTHER.db (v1.0.4) package. GOSLIM terms were
identified using the PANTHER GO slim OBO file available from
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“http://data.pantherdb.org/PANTHER13.1/ontology/PANTHERGOslim.obo” using the
orthologyIndex (v2.0) package.

Results
Comparative analysis of two protein extraction methods from sweetpotato leaf and root
tissues
Root and leaf tissues were collected from mature plants of the sweetpotato cultivar
Beauregard. ‘Beauregard’ is the most common cultivar grown in the United States with a high
storage root yield (Seem et al., 2003). Leaves (4th and 5th from the apical meristem) and mature
storage roots were collected, frozen in liquid N and used for protein extraction. Two distinct
protocols were optimized for the extraction and solubilization of proteins – a Phenol-based
Method 1 (M1) and polyethylene glycol (PEG) 4000 fractionation-based method (M2). For the
M1, we started with the method described in (Lee et al., 2012) and modified it for maximum
protein concentration in the final prep. PEG4000 fractionation in the M2 is considered to
enhance the extraction of low-abundance proteins and was previously used to extract proteins
from chemically complex plant tissues (Afroz et al., 2009; Lee et al., 2007). The workflow for
protein extraction is presented in figure 5.1, and the full protocols are detailed in the Materials
and Methods section. Total protein preparations were obtained from leaf and root tissues for four
technical replicates per tissue type using M1 and M2. Aliquots of the 16 protein preparations
resulted were run on SDS-PAGE gels and proteins were visualized via Coomassie staining to
verify protein quantity; overall, total protein yield was higher when using M1 on both leaf and
root tissue (figure 5.2). The complex protein mixtures resulted from M1 and M2 were directly
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analyzed after proteolysis by liquid chromatography coupled with tandem mass spectrometry
(LC-MS/MS).

Figure 5.3

Performance of the experimental strategy for the characterization of sweetpotato
proteome. (A) The number of peptides and proteins identified. M1: phenol-based
method; M2: PEG4000 fractionation; L: leaf, R: storage root tissue. Numbers (1 4) represent independent replicates for each method used and tissue type analyzed.
(B) Differential analysis of method performance for protein extraction. (C)
Differential analysis of proteins extracted from leaves and roots. In B. and C., the
numbers represent unique proteins identified as shown in A. (D) A comparison of
the current study with literature-derived sweetpotato proteome data. The
publications are cited in the main text. (E) The overlap between the sweetpotato
proteome (P_Ib) identified in this study and predicted proteomes of Ipomoea
species represented in the NCBI. I. batatas (Ib), I. nil (In), I. trifida (It), I.
purpurea (Ip) and I. cavalcantei (Ic) were used for comparison to the sweetpotato
proteome.
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For the LC-MS/MS analysis, 100 μg of total protein per sample was subjected to trypsin
digestion and subsequent downstream proteomic analysis. The LC-MS/MS was performed on a
fully automated proteomic technology platform that includes an Agilent 1200 Series Quaternary
HPLC system connected to a Q Exactive Plus mass spectrometer. Peptide spectrum matching of
MS/MS spectra of each file was searched against the NCBI Ipomoea taxon (taxid4119) proteins
dataset contains 58282 proteins. A concatenated database containing “target” and “decoy”
sequences was employed to estimate the false discovery rate (FDR) (Elias et al., 2007). The
resulting peptide-spectrum matches (PSMs) were reduced to sets of unique PSMs by eliminating
lower scoring duplicates. Peptide assignments from the database search were filtered down to a
1% FDR by a logistic spectral score as previously described (Elias et al., 2007; Yu et al., 2009).
Using this workflow, we identified 2682 and 1589 proteins, respectively, in the leaf samples
processed by M1 and M2. A total of 2643 and 1368 were identified in the root samples processed
using the two distinct methods. The similar number of proteins identified in the four technical
replicates performed for each method and tissue type illustrate the high replicability of the
extraction workflow. Overall, the 3143 leaf and 2928 root proteins identified, represent 4324
unique proteins – the largest dataset of I. batata proteins, to date (figure 5.3 A). Regardless of
tissue type, when comparing the performance of the two methods, M1 resulted in a 4.4-fold
larger number of unique proteins than M2, indicating the superior performance of M1 in protein
extraction from sweetpotato (figure 5.3 B). Notably, 40% of all sweetpotato proteins identified in
this study were extracted by both methods, pointing to the high confidence value of our protein
identification pipeline. No obvious differences were detected in the methods’ performance when
comparing tissues-specific datasets. Both M1 and M2 resulted in approximately equal numbers
of proteins when applied to a leaf or root tissue, suggesting that the differences in physical and
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chemical characteristics of the plant tissues were not significant factors in the performance of
these methods (figure 5.3 C).
A comparative analysis with four published datasets (Shekhar et al., 2016; Lee et al.,
2015; Lee et al., 2012; Wang et al., 2016) showed only limited overlap with our proteome
(figure 5.3 D) and highlighted the difficulty of performing discovery proteomics in polyploid
crops with complex genome structure. On the other hand, substantial overlap exists between our
proteome and predicted I. nil proteins available in the NCBI database
(https://www.ncbi.nlm.nih.gov/), as shown by a differential comparison including predicted
protein accessions of several Ipomoea species. Over 96% of identified sweetpotato accessions
are shared with I. nil (white-edged morning glory); 1% or less are shared with I. batatas, I.
trifida (wild ancestor), I. purpurea (common morning glory), and I. cavalcantei (red flowered
morning glory). Overall, the sweetpotato proteome added 4215 verified proteins in the Ipomoea
repertoire, representing 97.5% of the identified sweetpotato proteome.
Further, MASCOT-identified peptides were mapped with the recently sequenced
sweetpotato genome and transcriptome (Yang et al., 2017). A tBLASTn search of identified
peptides against the annotated sweetpotato transcriptome resulted in 10,746 (75.3%) peptides
mapped with no gaps or mismatches along their entire length to 39,251 regions along 11,841
transcripts within the sweetpotato transcriptome. Additional 1,407 peptides were mapped
imperfectly to 6,175 regions within 3,874 transcripts. Imperfectly mapped peptides are defined
as peptides returning an alignment with a query peptide coverage >90% and a sequence identity
>80%. Peptides which were previously perfectly mapped are excluded from this category.
These perfect/imperfect-matched peptides represent 12,153/14,275 (85.1%) of all identified
peptides and demonstrate a strong overlap between proteomic data and the predicted
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transcriptome. The 12,153 peptides were mapped to 45,426 unique regions within the
sweetpotato genome with 87.9 % of hits localized to one of 15 major chromosomes and the rest
localized on scaffolds.
Mapping the MASCOT-identified peptides against the haplotype genome (Yang et al.,
2017) returned similar results, although fewer peptides returned as many high-quality hits. As
such, 8,530 peptides mapped perfectly to 22,612 regions, whereas 2,316 additional peptides were
mapped imperfectly to 9,452 regions. Together, peptides mapped perfectly or imperfectly
against the sweetpotato genome represent 10,846/14,275 (76%) of all identified peptides.
Overall, we successfully mapped 12,902 (90.4%) peptides, indicating a very good agreement
between the proteome and the haplotype-resolved genome and transcriptome assemblies.
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Figure 5.4

Gene ontology analysis for the evaluation of protein extraction methods. (A)
Differential analysis of the protein classes represented in protein preparations
resulted from using phenol- (M1) or PEG4000-based protein extraction (M2). All
displayed protein classes have at least a 2-fold difference between examined
datasets. (B & C) A subset of the Gene Ontology (GO) Biological Processes (B)
and Cellular Component (C) terms identified in the protein sets extracted by M1
and M2. Dots represent the frequency of uniquely identified proteins from either
method. Bars connecting dots represent the difference in the number of proteins
extracted by either method with all highlighted bars showing at least a 50%
increase in term population.
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Functional analysis of the leaf and root sweetpotato proteomes
To obtain information on the composition of the sweetpotato proteome we performed a
gene ontology (GO) analysis to identify protein classes with significant overrepresentation and
differential accumulation across the method or tissue type. Comparing M1 with M2 preparations,
we found marked differences regarding both the identity of protein class and the number of
members per class (figure 5.4 A). Overall, M1 outperformed M2 in the contribution to members
in individual protein classes with 121 classes having more members identified using M1
(average 275 proteins/class), compared to 20 classes receiving more members from M2 (average
170 proteins/ class). Proteins belonging to 152 unique protein classes were identified across the
two methods, with 11 classes common between M1 and M2. Cytoskeletal proteins, transferases,
transfer/carriers, G-proteins and signaling molecules were among the protein classes with the
highest representation in both M1 and M2 preparations. DNA-binding proteins (e.g.,
polymerases and centromere-binding factors) and small GTPases were preferentially extracted
by M1; on the other hand, extracellular matrix proteins and ribonucleases were present only in
M2 preparations.
Analysis of GO biological processes (BP) terms across methodologies identified 156
unique terms across M1 and M2 (figure 5.4 B). M1 outperformed M2 in the identification of
proteins within unique BP terms. Of all examined proteins, M1 and M2 identified completely all
constituents within 52 and 16 BP terms respectively, with 12 terms equally represented by either
method. Further, of the 156 BP terms identified, 154 (99%) were populated using hits identified
using M1. This is in contrast to the 90 BP terms (58%) which were at least halfway populated
using hits identified using M2. Examining GO cellular component (CC) terms yielded similar
observations. Within the 44 identified CC terms, 17 and one terms were fully populated using
107

M1 and M2 respectively. All CC terms were at least halfway populated using M1, whereas M2
resulted in at least 50% population within only 15 CC terms (34%). M1 exclusively identified
proteins associated with the peroxisome (12 proteins), nucleoplasm (15 proteins), and tubulin (6
proteins). Protein transport, mRNA processing, and translation, and vitamin metabolism were
terms showing the largest difference between methods, with more proteins in these GOBP terms
extracted by M1. Similarly, M1 extracted more efficiently proteins localized in the membrane,
cytosol, nucleus, and ribosomal proteins (figure 5.4 C).

Figure 5.5

Differential analysis of the sweetpotato leaf and root proteomes. (A) Differential
analysis of the protein classes represented in leaf and root protein preparations. All
displayed protein classes have at least a 2-fold difference between examined
datasets. A complete analysis of identified protein classes. (B & C) Gene ontology
terms with significant overrepresentation in the leaf (B) and root proteomes (C).
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Both methods performed equally well for the extraction of phosphatase inhibitors,
antioxidant and receptor activities, carbohydrate phosphatases, and proteins associated with the
GO terms ‘MAPK cascade’, ‘glycolysis,’ ferredoxin metabolism,’ ‘cytoskeleton organization’
among others. On the other hand, neither M1 nor M2 extracted well ribonucleases, histones,
hydrolases, and extracellular matrix glycoproteins; similarly, proteins associated with the GO
terms such as ‘defense response to bacteria’, ‘cell death’, ‘signal transducer activity’, and
‘peroxisomal transport’ had low representation in M1 and M2 proteomes.
To obtain an overall view of the leaf and root proteomes, we mapped protein classes
across tissue types. The analysis revealed that root tissue allowed for both a larger variety and
number of protein classes to be extracted from sweetpotato relative to leaf tissue (figure 5.5 A).
Overall, 72 protein classes were preferentially extracted from root tissue, compared to 65 classes
from leaf tissue; only 15 classes were identified in both tissues. The roots yielded nine unique
protein classes, among which enzymes including Ser/Thr receptors, ribonucleases, and
polymerases had a good representation. The leaf tissue yielded 13 unique protein classes
including G-protein coupled receptors and other non-receptor tyrosine kinases, proteases and
protease inhibitors. The comparative analysis of the tissue-specific proteomes uncovered a large
percentage of common accessions (40%), including diverse enzyme classes and proteins
localized in the ribosomes, organelles, and cytosol.
Statistical overrepresentation testing of the proteins unique to leaf samples identified
terms associated with cellular biosynthetic processes including protein translation and amino
acid biosynthesis as the most significant overrepresented categories (figure 5.5 B). Translationassociated proteins corresponded to ribosomal proteins, aminoacyl-tRNA synthetases, and
translation-release factors. Proteins associated with the generation of metabolites and energy
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included oxidases, metalloproteases, carbohydrate phosphatases, and chloroplastic chlorophyll
A-B binding proteins. A similar analysis of the root-specific proteins identified showed a
significant overrepresentation of GO terms associated with protein localization, amino acid
biosynthesis, and primary carbohydrate metabolism (figure 5.5 C). Of note, proteins in lipid
metabolism were also enriched in root preparations, highlighting the presence of lipid and fatty
acids – compounds rarely considered in the context of sweetpotato nutritional qualities due to
their low abundance (Abu et al., 2000).

Figure 5.6

Metabolic and genetic information processing pathways enriched in sweetpotato
storage roots. (A) KEGG pathways overrepresented in storage root protein
preparations. (B) Diagram of protein folding and sorting pathways. Ipomoea nil
homologs of sweetpotato storage root proteins identified (and listed in Table 5.1)
are mapped on pathways for endocytosis, SNARE-mediated vesicular transport,
and protein targeting and export from the endoplasmic reticulum. (C) Diagram of
starch and sucrose metabolism with Ipomoea nil homologs of sweetpotato storage
root proteins (Table 5.1) mapped on specific reactions. Abbreviations: HXK
(hexokinase), SPS (sucrose-phosphate synthase), SUS3 (sucrose synthase 3), BGlc (beta-glucosidase), EDP3-like (ectonucleotide pyrophosphatase/
phosphodiesterase family member 3-like), GPAT (glucose-1-phosphate
adenylyltransferase small subunit 2, chloroplastic/amyloplastic), GBSS (granulebound starch synthase 2, chloroplastic/amyloplastic).
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Metabolic pathways associated with sweetpotato root proteomes
Unique root-localized sweetpotato proteins identified were mapped on KEGG metabolic
and information processing pathways; mapped accessions and the representative enriched KEGG
pathways are shown in table 5.1 and figure 5.6 A. Root accessions associated with intracellular
trafficking include 18 endocytosis-related proteins (e.g., dynamin 1E motor protein and multiple
ras-related RAB proteins), 15 accessions with roles in protein folding, targeting and export from
the endoplasmic reticulum (e.g., multiple disulfide-isomerases and Sec transport proteins) and 5
associated with vesicular transport (e.g., Golgi SNAP receptor and syntaxins) (figure 5.6 B). A
significant number of root-localized proteins mapped on pathways for the biosynthesis of amino
acids, with 12 proteins mapping on the pathway for Gly, Ser and Thr and eight proteins on
pathways for Phe, Tyr, and Trp synthesis. Further, when considering carbohydrate metabolism,
root proteins mapped on Glycolysis/Gluconeogenesis pathway (21 proteins) and Starch/Sucrose
metabolic pathway (17 proteins). Notably, sucrose synthase 3, identified as the most abundant
transcript in sweetpotato storage roots (Li et al., 2003) was present in our root preparations
alongside hexokinases, β-glucosidases, starch synthase and other enzymes associated with starch
and sucrose metabolism (figure 5.6 C). Also, previously characterized sweetpotato storage
proteins such as amylases (Hagenimana et al., 1992) were also purified in our root preparations,
alongside other types of storage proteins such as amyloplastic-localized 1,4-α-glucan-branching
enzyme 2-2, U-box domain-containing protein 18, and bifunctional inhibitor/lipid-transfer
protein/seed storage 2S albumin.
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Table 5.1

Sweetpotato gene homologs of Ipomoea nil in significantly enriched KEGG
pathways.

NCBI Gene ID

KEGG Gene ID

Description

ncbi-geneid:109152986

ini:109152986

phosphatidylinositol 4-phosphate 5-kinase 9

ncbi-geneid:109156821

ini:109156821

Ras-related protein RABE1c-like

ncbi-geneid:109157615

ini:109157615

ALG-2 interacting protein X-like

ncbi-geneid:109161092

ini:109161092

ALG-2 interacting protein X-like

ncbi-geneid:109161467

ini:109161467

Ras-related protein Rab7

ncbi-geneid:109168075

ini:109168075

Ras-related protein YPT3

ncbi-geneid:109170373

ini:109170373

Ras-related protein Rab7

ncbi-geneid:109172049

ini:109172049

ADP-ribosylation factor 2

ncbi-geneid:109172658

ini:109172658

phospholipase D delta-like

ncbi-geneid:109173713

ini:109173713

ncbi-geneid:109174894

ini:109174894

ncbi-geneid:109176227

ini:109176227

vacuolar protein sorting-associated protein 2 homolog 3
vacuolar protein-sorting-associated protein 37 homolog 1like
IST1 homolog

ncbi-geneid:109182279

ini:109182279

dynamin-related protein 1E

ncbi-geneid:109185388

ini:109185388

AP-2 complex subunit mu

ncbi-geneid:109186904

ini:109186904

Ras-related protein RABA2b-like

ncbi-geneid:109192356

ini:109192356

Ras-related protein Rab7-like

ncbi-geneid:109192482

ini:109192482

Ras-related protein RABF1

ncbi-geneid:109193125

ini:109193125

AP-2 complex subunit alpha-1-like

Endocytosis

Protein processing in the endoplasmic reticulum
ncbi-geneid:109156098

ini:109156098

uncharacterized LOC109156098

ncbi-geneid:109156186

ini:109156186

SEC12-like protein 2

ncbi-geneid:109160304

ini:109160304

ncbi-geneid:109161355

ini:109161355

ncbi-geneid:109176207

ini:109176207

dnaJ protein homolog
dolichyl-diphosphooligosaccharide--protein
glycosyltransferase subunit 2-like
protein disulfide-isomerase 5-2

ncbi-geneid:109176802

ini:109176802

protein disulfide-isomerase-like

ncbi-geneid:109180845

ini:109180845

protein transport protein SEC31 homolog B-like

ncbi-geneid:109182049

ini:109182049

protein transport protein SEC23

ncbi-geneid:109182230

ini:109182230

GTP-binding protein SAR1A

ncbi-geneid:109183836

ini:109183836

protein transport protein Sec24-like At4g32640

ncbi-geneid:109186699

ini:109186699

17.3 kDa class I heat shock protein-like

ncbi-geneid:109188105

ini:109188105

protein disulfide isomerase-like 1-6

ncbi-geneid:109188366

ini:109188366

protein disulfide isomerase-like 2-3

ncbi-geneid:109192865

ini:109192865

protein disulfide-isomerase 5-1

ncbi-geneid:109193189

ini:109193189

18.2 kDa class I heat shock protein-like

SNARE interactions in vesicular transport
ncbi-geneid:109156159

ini:109156159

Golgi SNAP receptor complex member 1-2

ncbi-geneid:109172311

ini:109172311

vesicle-associated membrane protein 711-like

ncbi-geneid:109185370

ini:109185370

syntaxin-22-like
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Table 5.1 (continued)
NCBI Gene ID

KEGG Gene ID

Description

ncbi-geneid:109189921

ini:109189921

syntaxin-132

ncbi-geneid:109192398

ini:109192398

25.3 kDa vesicle transport protein

ncbi-geneid:109148834

ini:109148834

pyruvate kinase, cytosolic isozyme

ncbi-geneid:109149365

ini:109149365

enolase 1, chloroplastic

ncbi-geneid:109149832

ini:109149832

tryptophan synthase beta chain 2

ncbi-geneid:109154093

ini:109154093

probable pyruvate kinase, cytosolic isozyme

ncbi-geneid:109155125

ini:109155125

ncbi-geneid:109156048

ini:109156048

ncbi-geneid:109156421

ini:109156421

enolase-like
arogenate dehydratase/prephenate dehydratase 1,
chloroplastic-like
cytosolic enolase 3

ncbi-geneid:109157052

ini:109157052

probable ribose-5-phosphate isomerase 2

ncbi-geneid:109159594

ini:109159594

2-isopropylmalate synthase A-like

ncbi-geneid:109160064

ini:109160064

ncbi-geneid:109171635

ini:109171635

ncbi-geneid:109172544

ini:109172544

pyruvate kinase, cytosolic isozyme-like
bifunctional L-3-cyanoalanine synthase/cysteine synthase
1, mitochondrial
acetylglutamate kinase, chloroplastic-like

ncbi-geneid:109172635

ini:109172635

glutamine synthetase cytosolic isozyme 1-1-like

ncbi-geneid:109172682

ini:109172682

ncbi-geneid:109172957

ini:109172957

ncbi-geneid:109174651

ini:109174651

3-dehydroquinate synthase, chloroplastic-like
arogenate dehydratase/prephenate dehydratase 2,
chloroplastic
homoserine kinase-like

ncbi-geneid:109174794

ini:109174794

pyruvate kinase 1, cytosolic

ncbi-geneid:109177688

ini:109177688

asparagine synthetase [glutamine-hydrolyzing] 2

ncbi-geneid:109177744

ini:109177744

phosphoserine aminotransferase 2, chloroplastic-like

ncbi-geneid:109177825

ini:109177825

ncbi-geneid:109178139

ini:109178139

ncbi-geneid:109178694

ini:109178694

ATP-dependent 6-phosphofructokinase 5, chloroplastic
glyceraldehyde-3-phosphate dehydrogenase GAPCP1,
chloroplastic-like
aspartate aminotransferase, cytoplasmic

ncbi-geneid:109181333

ini:109181333

fructose-bisphosphate aldolase 6, cytosolic-like

ncbi-geneid:109182826

ini:109182826

InTSA; tryptophan synthase alpha chain-like

ncbi-geneid:109182914

ini:109182914

anthranilate synthase alpha subunit 2, chloroplastic-like

ncbi-geneid:109183736

ini:109183736

aspartokinase 2, chloroplastic-like

ncbi-geneid:109185377

ini:109185377

ribose-phosphate pyrophosphokinase 1-like

ncbi-geneid:109186421

ini:109186421

homoserine kinase-like

ncbi-geneid:109186666

ini:109186666

anthranilate synthase alpha subunit 1, chloroplastic-like

ncbi-geneid:109186864

ini:109186864

threonine synthase 1, chloroplastic-like

ncbi-geneid:109187198

ini:109187198

citrate synthase, glyoxysomal-like

ncbi-geneid:109190645

ini:109190645

ATP-dependent 6-phosphofructokinase 6-like

ncbi-geneid:109148834

ini:109148834

pyruvate kinase, cytosolic isozyme

ncbi-geneid:109149365

ini:109149365

enolase 1, chloroplastic

Biosynthesis of amino acids

Glycolysis / Gluconeogenesis
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Table 5.1 (continued)
NCBI Gene ID

KEGG Gene ID

Description

ncbi-geneid:109154093

ini:109154093

probable pyruvate kinase, cytosolic isozyme

ncbi-geneid:109155125

ini:109155125

enolase-like

ncbi-geneid:109156421

ini:109156421

cytosolic enolase 3

ncbi-geneid:109160064

ini:109160064

pyruvate kinase, cytosolic isozyme-like

ncbi-geneid:109169903

ini:109169903

alcohol dehydrogenase 3

ncbi-geneid:109169905

ini:109169905

alcohol dehydrogenase 1-like

ncbi-geneid:109170029

ini:109170029

ncbi-geneid:109171964

ini:109171964

ncbi-geneid:109173542

ini:109173542

hexokinase-2, chloroplastic
aldehyde dehydrogenase family 2 member B7,
mitochondrial
aldehyde dehydrogenase family 7 member A1-like

ncbi-geneid:109174794

ini:109174794

pyruvate kinase 1, cytosolic

ncbi-geneid:109176096

ini:109176096

acetate/butyrate--CoA ligase AAE7, peroxisomal

ncbi-geneid:109177574

ini:109177574

phosphoenolpyruvate carboxykinase [ATP]-like

ncbi-geneid:109177825

ini:109177825

ncbi-geneid:109178139

ini:109178139

ncbi-geneid:109181333

ini:109181333

ATP-dependent 6-phosphofructokinase 5, chloroplastic
glyceraldehyde-3-phosphate dehydrogenase GAPCP1,
chloroplastic-like
fructose-bisphosphate aldolase 6, cytosolic-like

ncbi-geneid:109182311

ini:109182311

dihydrolipoyl dehydrogenase 2, chloroplastic-like

ncbi-geneid:109186304

ini:109186304

hexokinase-1-like

ncbi-geneid:109190645

ini:109190645

ATP-dependent 6-phosphofructokinase 6-like

ncbi-geneid:109191870

ini:109191870

aldose 1-epimerase-like

Starch and sucrose metabolism
ncbi-geneid:109153694

ini:109153694

ncbi-geneid:109155915

ini:109155915

ncbi-geneid:109160151

ini:109160151

granule-bound starch synthase 2,
chloroplastic/amyloplastic
glucose-1-phosphate adenylyltransferase small subunit 2,
chloroplastic
sucrose synthase 3

ncbi-geneid:109163160

ini:109163160

beta-glucosidase 44-like

ncbi-geneid:109170029

ini:109170029

hexokinase-2, chloroplastic

ncbi-geneid:109170316

ini:109170316

ncbi-geneid:109171891

ini:109171891

ncbi-geneid:109172425

ini:109172425

probable starch synthase 4, chloroplastic/amyloplastic
alpha,alpha-trehalose-phosphate synthase [UDP-forming]
6
4-alpha-glucanotransferase, chloroplastic/amyloplastic

ncbi-geneid:109173764

ini:109173764

alpha-glucan phosphorylase, H isozyme

ncbi-geneid:109173850

ini:109173850

beta-glucosidase BoGH3B-like

ncbi-geneid:109175775

ini:109175775

beta-glucosidase 1-like

ncbi-geneid:109178772

ini:109178772

probable sucrose-phosphate synthase

ncbi-geneid:109180346

ini:109180346

glucan endo-1,3-beta-glucosidase 2-like

ncbi-geneid:109186304

ini:109186304

ncbi-geneid:109186768

ini:109186768

ncbi-geneid:109187211

ini:109187211

hexokinase-1-like
ectonucleotide pyrophosphatase/phosphodiesterase family
member 3-like
beta-amylase-like

ncbi-geneid:109193076

ini:109193076

beta-glucosidase BoGH3B-like
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Discussion
The recent sequencing and annotation of cultivated sweetpotato and its wild relatives
have brought forward the need to validate predicted gene models and confirm gene expression
using complementary approaches. We report here the results of a broad analysis profiling and
comparing sweetpotato leaf and storage root proteomes using liquid chromatography combined
with tandem mass spectrometry. The resultant proteome including over 4,300 unique protein
accessions provide a much-needed in-depth perspective on this complex crop plant and constitute
a baseline in trait improvement research.
Given the genetic and chemical richness of sweetpotato, two independent but
complementary protein extraction methods were developed to characterize the proteomes of
leaves and storage roots. The phenol-based methodology allowed the extraction of a wide range
of protein classes, including enzymes, cytoskeleton- and chromatin-binding proteins associated
with intracellular signal transduction, transcription, translation, and various metabolic processes.
Notably, proteins were extracted preferentially from the nucleus and cytosol, while proteins
associated with membranes, cell wall, and intracellular organelles such as the ER and
peroxisomes were not well represented in the final leaf and root preparations. On the other hand,
while the PEG4000 fractionation extracted approximately 1.8-fold fewer proteins on average by
comparison to phenol preparations, the M2 preparations were enriched in DNA-binding,
structural and extracellular matrix proteins. It is not surprising that higher numbers of
peptides/proteins were identified by the M1 method in both tissues (Figs 2A and B). It is
important to note that access to a mass spectrometer with high resolution coupled with the use of
optimized analytical columns could significantly increase the sequencing depth of any complex
biological sample even in the absence of a pre-fractionation step (Michalski et al., 2011; Sun et
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al., 2013; Williamson et al., 2016; Ahsan et al., 2017; Levy et al., 2018). However, the PEG4000
fractionation contributed 483 additional accessions to the final sweetpotato proteome. Thus, our
results highlight the necessity of using multiple protocols to optimize extraction of various
classes of proteins having distinct biochemical characteristics and localizations and are in line
with similar proteomics studies in plants and other organisms (Anbarasu et al., 2017; Niu et al.,
2018; Maldonado et al., 2008). Overall, we identified 74,255 peptides that were mapped to 4,321
accessions. For sweetpotato, gene count has been estimated to 49,063 through de novo
transcriptomics (Yang et al., 2017). We can estimate that proteins extracted and solubilized using
the two protocols assayed on mature leaves and fully developed storage roots, potentially
validate 15% of predicted sweetpotato transcripts. The fraction of the proteome expressed in
specific organs at a certain stage during development is difficult to estimate. Nevertheless, gelbased and gel-free proteomic studies identified up to 2-3 % of proteins out of the estimated leaf
proteome of the model plant Arabidopsis (Baerenfaller et al., 2008; Maldonado et al., 2008).
Further optimization of protein extraction methodologies, coupled with subcellular fractionation
and other cell biology approaches (Takac et al., 2017) may also improve the coverage of the
sweetpotato proteome.
Our analysis has revealed many unique proteins associated with the two different plant
organs analyzed. Proteins identified in leaf preparations were associated mainly with primary
metabolism and translation, highlighting the roles of actively growing leaves in protein
biosynthesis and generation of precursor metabolites and energy for the whole plant and
paralleling previous studies of leaf proteomes (Maldonado et al., 2008). The storage root
proteome, by comparison, was most enriched in proteins with roles in primary metabolism,
intracellular transport, and protein localization. Sweetpotato storage root has a dual function in
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carbohydrate storage and vegetative propagation. The process of storage root formation and
molecular mechanisms for storage proteins and nutrient accumulation have been studied
extensively (Hattori et al., 1990; Matsuoka et al., 1990). Information on specific pathways
necessary for storage root formation and accumulation of nutrients remains limited. Our
proteomic analysis reflects the role of the root tissue as a nutrient sink, considering the types of
proteins we identified and the biological processes associated with them. Previous proteomics
studies of cassava storage roots and potato tubers identified energy/metabolic proteins alongside
transport and storage proteins as most enriched categories (Lehesranta et al., 2005; Sheffield et
al., 2006), supporting a hypothesis wherein similar pathways and proteomes are active in
analogous storage organs.
Synthesis and accumulation of carbohydrates is a critical process in the growth and
development of plants (Koch et al., 2004). In particular, the growing and maturation of storage
organs require the increased activity of the enzymes for starch synthesis in sweetpotato (Li,
2003), sugar beet (Fieuw et al., 1990), carrots (Tang et al., 1999) and potato (Geigenberger et al.,
1998). As part of this metabolic pathway, sucrose enters the cytosol of cells of developing
storage organs where it is converted to glucose 6-phosphate (G6P) – a step catalyzed by sucrose
synthase – then to UDP glucose (UDPG) and glucose 1P (G1P). G1P is then utilized for starch
synthesis in chloroplasts (in leaf cells) or amyloplasts (in root cells), via the metabolites ADPglucose and amylose, a process catalyzed by pyrophosphatase, starch synthase and G1P
adenylyltransferase. Aside from starch synthesis, cytosolic hexose metabolites generated by
sucrose synthase can enter the pathway for cellulose biosynthesis and subsequent hydrolysis to
glucose, where the final step is catalyzed by β-glucosidase. Sweetpotato root preparations were
enriched in the enzymes catalyzing both the cytosolic and amyloplastic branches of the sucrose
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cleavage/starch accumulation pathway, a strong indication of the importance of this process in
sweetpotato storage root expansion and maturation.
Further, sweetpotato root preparations were enriched in proteins acting in the endocytic
pathway and the ER–Golgi–Trans Golgi (TGN) vesicle trafficking. While the secretory pathway
has been well characterized and proven critical in the process of storage protein posttranslational processing and accumulation in developing seeds (reviewed in (Vitale et al., 1999)),
the molecular components and mechanisms for storage protein production in storage roots are
not well defined. In seeds, the accumulation of storage substances occurs in fully differentiated
cells that have ceased cell division. Storage proteins are assembled in the ER where they are
folded and oligomerized before being transported through the endomembrane system (Golgi and
TGN) and entering secretory vesicles that will form the protein storage vacuoles. Identification
of sweetpotato proteins associated with clathrin-dependent endocytosis, early and late endosomal
marker proteins, and membrane-associated SNAREs involved in vesicle fusion during vesicular
transport, argue for the importance of these components in sweetpotato root development. Also,
our study builds a cellular map of the likely routes for protein and nutrient storing and utilization
in storage roots.
To conclude, the protein extraction workflow alongside the proteogenomics analysis
described here allowed a thorough characterization of the sweetpotato leaf and root proteomes. A
significant proportion of sweetpotato proteins were identified from matches with estimated
proteomes of other Ipomoea species, and directly mapped on sweetpotato transcriptome, thus
validating a significant percentage of predicted genes. These results represent the first successful
attempt to investigate the sweetpotato proteome, and thus can be considered a reference map for
further biochemical characterization and biofortification of this crop.
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METHODS FOR OPTIMIZATION OF PROTEIN EXTRACTION FOR PROTEOMICS
ANALYSIS IN SWEETPOTATO
This work was submitted, as a chapter in Plant Proteomics Methods and Protocols, to Springer
Nature Methods in Molecular Biology.
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Summary
The complexity in chemical composition alongside the genomic complexity of crop
plants poses significant challenges for the characterization of their proteomes. This chapter
provides specific methods that can be used for the extraction and mass-spectrometry
identification of proteins from plants. We outline two basic methods for extracting proteins
expressed in root and leaf tissues for the label-free quantitative proteomics – one phenol-based
procedure and one polyethylene glycol (PEG) 4000-based fractionation method – and discuss
strategies for the organ-specific protein extraction and increased recovery of low-abundance
proteins.

Introduction
Sweetpotato (Ipomoea batatas, (L.) Lam) is an important global commercial crop from
the morning glory family (Convolvulaceae) (International Potato Center, 2017). Worldwide,
sweetpotato is the sixth most important food crop following rice, wheat, potatoes, maize, and
cassava. The sweetpotato has a complex genome, being hexaploid (2n = 6x = 90) and highly
polymorphic. As a consequence, sweetpotato genome sequencing, assembly, and annotation has
progressed slowly and convolutedly over the past ten years. At present, only a sparse collection
of genomic resources and annotations exists for sweetpotato; this includes a haplotype-resolved
assembly of I. batatas genome (Yang et al., 2017), assembly and gene annotations of progenitor
genomes (I. trifida and I. triloba) ( Wu et al., 2018; Hirakawa et al., 2015), the proteome
annotations of Ipomoea nil (Hoshino et al., 2016), transcriptomics datasets available in public
databases (NCBI, 2019; Leinonen et al., 2010). Using a new technique of haplotype-resolved
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genome assembly, (Yang et al., 2017) de novo sequenced and assembled the hexaploid I. batatas
without the guidance of wild related diploid genomes. The study examined the probable
evolutionary history of the cultivated sweetpotato. As such, sweetpotato genome contained two
B1 and four B2 component genomes (B1B1B2B2B2B2) and was proposed to have resulted from
an initial crossing between a tetraploid ancestor and a diploid progenitor, followed by a whole
genome duplication event (Yang et al., 2017).
Current extraction methodologies and present technologies enable analysis of almost
complete proteomes in humans and animals (Aebersold et al., 2016). In plant systems, although
discovery and comparative proteomics approaches have accelerated the pace of breakthroughs in
experimental and crop plants, significant challenges remain. The depth by which proteomes are
being explored and analyzed, and the means of enhancing the confidence level of protein
identification continues to be important issues in this field (Aebersold et al., 2016; Omenn et al.,
2015). Consequently, approaches for protein extraction and separation from tissues are
constantly evaluated for performance on parameters such as protein extraction and detection,
accurate quantification, post-extraction artifacts (Rose et al., 2004), and amenability to
combinatorial utilization or multiplexing for improving the extraction of low-abundance proteins
and increased throughput (Erickson et al., 2017). In addition to these generic challenges,
additional hurdles in obtaining protein preparations of sufficient quality and quantity for mass
spectrometry have been described for sweetpotato, such as low-protein content in storage roots
and high abundance of secondary metabolites in leaves.
Recently we have performed a root and leaf LC-MS/MS analysis and identified 4,321
non-redundant proteins from sweetpotato (Al-Mohanna et al., 2019). In this chapter, we describe
two methods for protein extraction and solubilization using sweetpotato leaves and tuberous
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roots to identify the composition of leaf and root proteomes using a high-throughput label-free
methodology.

Optimization of protein extraction for label-free quantitative proteomics
In this section, we describe two protein extraction methods and the optimized protocols
for sweetpotato leaf and root tissue processing.

Tissue collection
Sweetpotato leaves and storage roots are utilized for protein extraction. Leaf samples
harvested from plants in the vegetative stage yield abundant protein than leaves from mature
plants. Storage roots are collected from mature plants when fully developed. Following
collection, samples are immediately frozen in liquid nitrogen and stored at -80 °C until further
processing. Frozen tissues can be lyophilized, or grinded to a powder in liquid nitrogen using
mortar and pestle (figure A.1 A).

Overview of the protein extraction and optimization methodology
The pipeline for sample processing and protein extraction and solubilization is presented
in figure A.1. Two distinct protocols were optimized for the extraction of proteins from
lyophilized sweetpotato tissue, a Phenol-based Method 1 (M1) (figure A.1 A) and polyethylene
glycol (PEG) 4000 fractionation-based method (M2) (figure A.1 A) (Lee et al., 2007). Briefly, in
M1, proteins are extracted with a Phenol Extraction buffer, followed by ammonium sulfate-based
precipitation, acetone wash of the pellet, and re-suspension in ethanol for storage. In M2,
proteins are extracted with NP-40 Extraction buffer, mixed with PEG4000 up to 15% final
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concentration, precipitated with acetone (4 volumes acetone for leaf protein, and 2 volumes of
acetone for root proteins), followed by re-suspension in ethanol for storage. Compared to organic
solvents such as phenol, polyethylene glycols do not generally denature proteins (Ingham et al.,
1990; Atha et al., 1981). Examples of total protein preparations obtained from sweetpotato roots
using Phenol and PEG 4000 are shown in representative gels (figure A.1 B & C). In our hands,
the phenol procedure extracted more protein from both storage roots and leaves compared to the
PEG-based method. However, cumulatively, the two methods extracted a larger diversity of
protein classes.

LC-MS/MS and peptide identification
Purified sweetpotato protein preparations were identified using LC-MS/MS. The LCMS/MS analysis was performed as described in (Ahsan et al., 2017) and outlined in Fig. 2.
Briefly, the peptides were separated through a linear reversed-phase gradient through a C18
column. Survey full scan MS spectra (m/z 400-1800) were acquired at a resolution of 17,500.
The search was performed using MASCOT v. 2.4 (Matrix Science, Ltd, London, UK). The
resulting peptide-spectrum matches (PSMs) were reduced to sets of unique PSMs by eliminating
lower scoring duplicates. To provide high confidence data, the Mascot results were filtered for
Mowse Score (>20). Peptide assignments from the database search were filtered down to a 1%
FDR as previously described (Yu et al., 2009; Elias et al., 2007). Peptide spectrum matching of
MS/MS spectra was searched against the NCBI Ipomoea taxon (txid4119) proteins dataset
containing 58282 proteins (NCBI; downloaded 2/12/2018) using MASCOT v. 2.4 (Matrix
Science, Ltd, London, UK). A concatenated database containing “target” and “decoy” sequences
was employed to estimate the false discovery rate (FDR) (Elias et al., 2007). Peptide
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assignments from the database search were filtered down to a 1% FDR by a logistic spectral
score as previously described (Elias et al., 2007; Yu et al., 2009), as shown in figure A.2.

Methodology
1. Phenol procedure, method 1 (M1):
In this section, we describe a phenol-based method for extraction and solubilization of
proteins from sweetpotato root and leaves tissue.

A. Materials:
1. Acetone
2. Ammonium acetate
3. b-Mercaptoethanol (BME)
4. Disodium EDTA
5. Ethanol
6. 8-Hydroxyquinoline
7. Hydrochloric acid
8. Methanol
9. Small ball bearing
10. Sodium hydroxide (NaOH)
11. Sucrose
12. Tris base and Tris-HCl
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B. Notes:
1. Handling multiple samples at once can be difficult and conducive to errors. We
recommend processing 24 samples or less in parallel.
2. 20 mL phenol, 70 mL Precipitation solution, 20 mL Extraction buffer, and 150 ball
bearings are assumed to be sufficient for 24 samples.
3. Before starting the extraction, incubate Phenol at 4°C for 30 minutes to phaseseparate, remove the small clear upper phase and use the lower phase as described in
this method.
4. Bring samples to room temperature (RT) and keep the samples sitting on ice for 5-10
minutes before weighing. For long-term storage conditions, the weighing samples
should be taken less than 30 minutes.

C. Stock solutions:
1. Make 50 mL of 6 M Sodium Hydroxide:
a. Add 12 g of NaOH to 40 mL of Milli-Q H2O and stir until dissolving completely.
b. Bring the volume to 50 mL with Milli-Q H2O and store it at RT.
2. Make 50 mL of 0.2 M EDTA, pH 8.0:
a. Add 1.86 g disodium EDTA to 30 mL of Milli-Q H2O and stir it to dissolve EDTA.
b. Add I mL of 6M NaOH and monitor the pH to reach 8.0
c. Bring the volume to 50 mL with Milli-Q H2O and store it at RT.
3. Make 500 mL of extraction buffer, pH 8.0:
a. Add 154 g of sucrose (final concentration 0.9 M) and 6.0 g of Tris base (final
concentration 100 mM) to 350 mL of Milli-Q H2O.
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b. Add 25 mL of 0.2 M EDTA stock (final concentration 10 mM) and stir vigorously until
dissolving completely.
c. Adjust the pH to 8.0 by using 6 M HCl.
d. Bring the volume to 500 mL with Milli-Q H2O.
e. Filter sterilize and store it at 4 °C.
4. Make 500 mL of precipitation solution:
a. Add 3.85 g of ammonium acetate to 400 mL of methanol (purity > 99 %) and stir
vigorously until dissolving completely.
b. Bring the volume to 500 mL with high purity of methanol.
c. Store it at -20 °C.
5. Make 500 mL of Phenol saturated, pH 8.0:
a. Mix 500 mL of phenol and 500 mL of Tris-HCl, pH 8.0, in a dark glass bottle.
b. Stir the buffer vigorously for 20 minutes and incubate it at 4 °C for 2 hours; then,
remove the tris buffer in the upper phase by using a vacuum aspirator in the fume hood.
c. Add 500 mL of Tris-HCl, pH 8.0 of fresh buffer.
d. Repeat step b.
e. Add 0.5 g of 8-Hydroxyquinoline to make final concentration is 0.1% and Stir the
solution vigorously for 20 minutes.
f. Repeat steps c and d.
g. Check the pH to ensure that it is 8.0. Otherwise, repeat step f.
h. Store it at 4 °C.
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6. Ball bearings (BBs):
a. Rinse BBs with 3 volumes of phenol saturated buffer, pH 8.0 for 10 minutes at RT with
inversion, and decant the solution.
b. Add 3 volumes of precipitation solution for 5 minutes at RT with inversion and decant
the solution.
c. Wash 3 times with 100% methanol and dry them in oven 65 °C on a small tray in a
single layer.
d. Store them in sterile falcon tubes.
e. These ball bearings can be reused if they are not rusty.

D. Protein extraction:
1. Add 4 µL of b-Mercaptoethanol for each mL of extraction buffer to make the final
percent is 0.4%.
2. Weigh 200 mg of powdered sample in 2 mL tube and add 3 BBs in it.
3. Add 750 µL of phenol saturated buffer, pH8 and 750 µL of extraction buffer, and
vortexing vigorously for 1 hour at RT to be homogenous.
4. Centrifuge the sample at 13000 RPM for 10 minutes at 4 °C.
5. Transfer around 330 µL of the upper phase to a screw top 2 mL tube.
6. Add 5 volumes (1650 µL) of ice-cold precipitation solution (stored at -20 °C), and add 3
BBs in it, vortex the sample briefly to mix it [5].
7. Store the sample at -20 °C overnight (16 hours) to precipitate the proteins.
8. Invert the sample that has Precipitated proteins to mix it.
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9. Centrifuge at 6000 RPM for 10 minutes at RT.
10. Decant the supernatant and collect the pellets using a magnetic stand.
11. Add 1 mL of ice-cold precipitation solution and vortex vigorously
12. Centrifuge the sample at 13000 RPM for 5 minutes at RT.
13. Repeat step 10.
14. Wash the pellets with one mL 80% ice-cold acetone (stored at -20 °C) and vortex
vigorously.
15. Repeat steps 12 and 13.
16. Wash the pellets with one mL 70% ice-cold ethanol (stored at -20 °C) and vortex
vigorously.
17. Repeat step 15.
18. Resuspend the pellets in 300 µL 70% ethanol and store them at -20 °C.

2. Polyethylene glycol (PEG) procedure 4000, method 2 (M2):
In this section, we describe a PEG 4000-based method for extraction and solubilization of
proteins from sweetpotato root and leaves tissue.

A. Materials:
1. b-Mercaptoethanol (BME)
2. Ethanol
3. Magnesium chloride
4. NP-40
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5. Phenylmethylsulfonyl fluoride (PMSF)
6. Polyethylene glycol (PEG) 4000
7. Sodium hydroxide (NaOH)
8. Sucrose
9. Tris-HCl

B. Stock solutions:
1. Make 50 mL of 6M NaOH as described above.
2. Make 500 mL of extraction buffer I:
a. Add 15.35 g of Tris-HCl and 18.5 g Tris-Base (0.5 M Tis-Buffer) to 350 mL of MilliQ H2O and stir it until completely dissolves.
b. Add 10 mL of NP-40 (2% V/V) to Tris-Buffer.
c.

Dissolve 87.1 mg of PMSF (1mM) in acetonitrile; then, transfer it to Tris-Buffer.

d. Add 0.952 g of MgCl2 (20 mM) to the buffer and stir it until completely dissolves.
e. Add 10 mL of b-Mercaptoethanol (2% V/V) to the buffer.
f. Adjust the pH to 8.3 if it needs it (The pH of Tris-Buffer is supposed to be 8.3).
g. Bring the volume to 500 mL with Milli-Q H2O.

3. Make 250 mL of extraction buffer II:
a. Add 7.68 g of Tris-HCl and 9.25 g Tris-Base (0.5 M Tis-Buffer) to 150 mL of Milli-Q
H2O and stir it until completely dissolves.
b. Add 5 mL of NP-40 (2% V/V) to Tris-Buffer.
c. Dissolve 43.55 mg of PMSF (1mM) in acetonitrile; then, transfer it to Tris-Buffer.
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d. Add 0.476 g of MgCl2 (20 mM) to the buffer and stir it until completely dissolves.
e. Add 59.9 g of sucrose (0.7 M) to the buffer.
f. Add 5 mL of b-Mercaptoethanol (2% V/V) to the buffer.
g. Adjust the pH to 8.3 if it needs it.
h. Bring the volume to 250 mL with Milli-Q H2O.
4. Make 200 mL of 50% PEG 4000.
a. Add 100 g to 70 mL of Milli-Q H2O.
b. Stir the solution vigorously until mixing completely.
c. Bring the volume to 200 mL with Milli-Q H2O.

C. Protein extraction:
1. Weigh 500 mg of powdered sample in 15 mL tube.
2. Add 5 mL of extraction buffer I, and vortexing vigorously for 15 minutes at RT to be
homogenous.
3. Centrifuge the sample at 3000 RPM for 15 minutes at 4 °C.
a. Supernatant: keep it for next step (4)
b. Pellets: add 5 mL of extraction buffer II, and repeat steps 2 and 3.
4. Filter the supernatant by using a 2.0 µm filter to remove any impurities or insoluble
residues in the supernatant.
5. Add 50% PEG 4000 to make final concentration is 15% in the supernatant and mix the
solution to be to be homogenous.
6. Incubate the sample on the ice for 30 minutes.
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7. Centrifuge the sample at 12000 RPM for 15 minutes at 4 °C and keep the supernatant for
next step [6,7].
8. Add cold acetone (stored at -20 °C) 2 volumes for sweetpotato root and 4 volumes for
sweetpotato leaves to precipitate the proteins.
9. Incubate the sample at -20 °C for 30 minutes.
10. Centrifuge at 13000 RPM for 5 minutes [8].
11. Keep the pellets for the next step
12. Wash the pellets with one mL 80% ice-cold acetone (stored at -20 °C) and vortex
vigorously.
13. Centrifuge the sample at 13000 RPM for 5 minutes at RT.
14. Decant the supernatant and collect the pellets.
15. Wash the pellets with one mL 70% ice-cold ethanol (stored at -20 °C) and vortex
vigorously.
16. Repeat steps 13 and 14.
17. Resuspend the pellets in 500 µL 70% ethanol and store them at -20 °C.

Conclusions
The protocols described herein provide a baseline set of tools that facilitate streamlined
extraction of proteins for mass spectrometry applications. While the optimized protein extraction
methods described in this chapter were exemplified for the analysis of sweetpotato, they are
easily-customizable for other plant proteomes and can be used for further improvement of
proteome annotations.
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Figure A.1

Methodology for sweetpotato protein extraction and identification. (A) The
workflow describes the methodology for tissue processing, the Phenol-based
procedure (M1) and PEG fractionation (M2). (B & C) Representative 2D gel of
total protein preparations obtained from sweetpotato roots. Total protein extracted
using the Phenol-based procedure in shown in (B), and total protein extracted using
the PEG 4000 procedure in shown in (C). Molecular weights (MW, kDa) of
proteins in the marker lanes are listed on the left. (D) Phenol-based procedure for
extraction of proteins from root and leaves showing the upper phase following
phenol extraction.
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Figure A.2

Workflow for peptide search and identification by LC MS/MS.
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BIOCHEMIAL CHARACTERIZATION OF TRANSCRIPTION FACTORS OF ADCR, SCZA,
AND COPR FROM STRAIN D39 OF STREPTOCOCCUS PNEUMONIA
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Background
Streptococcus pneumoniae is an important gram-positive bacterium, which colonizes the
human nasopharynx asymptomatically; it causes serious infection, such as pneumonia,
meningitis, otitis, or septicaemia. These leads to millions of deaths every year (Kadioglu et al.,
2008). In the previous studies, the trace metal ions, which are important factors in the virulence
and physiology, play a significant role in the human pathogens (Blencowe et al., 2003). In
bacteria, the proper functioning of transcriptional regulators and many enzymes require trace
metal ions, but the high concentration of them can kill the cells (Moore et al., 2005; Blencowe et
al., 2003). Hence, the trace metal ions are essential for homeostasis, which is vital to survive
bacterial pathogens. In the systems of S. pneumoniae, there are many trace metal ions acquisition
and efflux, and these systems are responsible for proper levels of trace metal ions, which are
controlled and maintained by metal-responsive regulatory proteins (Shafeeq et al., 2011;
Kloosterman et al., 2007).
On the other hand, the genome sequence of S. pneumoniae expresses two paralogous
metal-binding receptors: PsaA and AdcA, which are proteins, and psaABCD and adcRCBA
encode them, respectively (Loisel et al., 2008). Streptococci conserves the adcRCBA operon,
which encodes an ABC (ATP-binding cassette) transporter, and it is a member of metal specific
transporter and function as a high-affinity importer for Zn (II). But in the extracellular
concentration, it may uptake non-cognate Mn (II). In addition, AdcR, which is the adhesincompetence repressor, is a zinc transcriptional regulator, and it is a member of the of the multiple
antibiotic resistance repressor (MarR) according to sequence analysis when S. pneumoniae
infection is active, the adcr operon is expressed, and this is important for genetic transformation
(Reyes-Caballero et al., 2010; Panina et al., 2003). According to Reyes-Caballero et al., AdcR,
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which is homodimer, is activated by Zn(II), and this makes a DNA bind strongly and has a highaffinity (2010). Besides, Zn (II) homoeostasis has a significant role in regulating in
Streptococcus to understand AdcR structure and function (Lee et al., 2007). The expression of a
divalent metal ion efflux transporter is encoded by czcD, and it is controlled by tetracycline
repressor (TetR) family transcriptional regulator (Bijlsma et al., 2007; Kloosterman et al., 2007),
and czcD belongs to the cation diffusion facilitator (CDF), which is a family of transporter
(Reyes-Caballero et al., 2010; Lu et al., 2007).
The gene regulation of S. pneumoniae and the role of metals on it, such as, zinc (Zn2+),
copper (Cu2+), manganese (Mn2+), cadmium (Cd2+), and cobalt (Co2+) have been established.
Also, it has characterized several metal specific acquisition-and efflux-systems, and these
systems involve AdcRCBA (the Zn2+ up take system), PsaBCA (the Mn2+-up take system), CzcD
(the Zn2+-efflux system), the cop operon (the Cu2+-efflux system), MntE (the Mn2+-efflux
system), and PitADBC, PiaABCD, and PiuBCDA (the Fe2+- and Fe3+-up take systems) (Manzoor
et al., 2015). In this study, we display some biological and physical details of the AdcR, SczA,
and CopR from S. pneumoniae strain D39.

Thiol-switching characterization of proteins by using Raman spectroscopy:
Raman spectroscopy is able to provide structural fingerprint information and can be used
to study thiol-switching activity in proteins. This method can be used to analyze conformation
changes of proteins by observing changes in normal modes of vibration. Additionally, SERS is
one of the techniques that enable quantification and characterization of proteins. Surface
enhanced Raman spectroscopy (SERS) can be applied to bind thiol containing proteins to the
SERS substrate like gold and silver nanoparticles. Recently, Lu et al., have shown the
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application of SERS in determining the conformational change in the structure of proteins (cyt
C) using Mixing-Assisted Hot Spots Occupying (MAHSO) SERS Chip. The MASHO SERS
substrate was made by mixing the analytes with colloidal silver nanoparticles using a
microfluidic mixer (2018).
In addition, molecular simulations coupled with the spectral measurements enables a
better understanding of the vibrational-structural correlation of the analytes. The study of the
binding of the drug to the therapeutic proteins have been used by using SERS coupled with
molecular simulations (Feliu et al., 2017).
Siddhanta et al., have reported that SERS usually contains information regarding the
secondary structure of the protein and the relative abundance of aromatic amino acids in the
protein. Also, the band positions and intensities in the SERS spectra depends on the orientation
of the molecules with respect to the nanoparticles surface and distance. SERS can be a great tool
for characterization of the proteins as it can detect characteristic amide I, II, and III bands. Also,
bands arising from groups containing sulfur, such as, thiol which is highly pronounced in SERS
spectra which can facilitate the understanding and study of thiol-switching study in plant
proteins. For example, the amide I band consists of C=O stretching vibrations with some
contribution from N-H bending, out of phase CN stretching, and CCN deformation. Furthermore,
the amide II mode is due to a combination of CN stretching and NH bending with some
contributions from CC stretching and CO bending. Besides, SERS can be a valuable tool for
protein secondary structures in proteins (2012).
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Materials and Methods
DNAs manipulating of AdcR, SczA, & CopR
The AdcR, SczA, & CopR genes were amplified from S. pneumoniae D39 genomic
DNA, we did one PCR run (30 cycles) using Taq DNA Polymerase, the primers pairs were used,
as shown in table B.1. The PCR products were purified using cleaning kit (DNA Clean &
Concentrator -5 from ZYMORESEARCH). After that, samples were incubated with the
restriction enzymes (NdeI (CATATG) and BamHI (GGATCC)) at 37 oC for 30 minutes in
CutSmart buffer, as double digest of restriction enzymes; they were used to cut AdcR, SczA, &
CopR, and pET-15b, as overhangs and sticky ends, and the insertions DNAs & cleaved vectors
were purified using cleaning kit (DNA Clean & Concentrator -5 from ZYMORESEARCH);
then, the T4 DNA ligase was used to ligate the insertions DNA (AdcR, SczA, & CopR) in the
vector (pET-15b) to make the plasmid for AdcR, SczA, & CopR genes. The T4 DNA ligase was
inactivated by heating at 65 oC for 10 minutes.

Table B.1
Gene
AdcR
SczA
CopR
T7

The forward and reverse primers of AdcR, SczA, CopR, and T7.
Primer type
Forward Primer
Reverse Primer
Forward Primer
Reverse Primer
Forward Primer
Reverse Primer
T7 Promoter
T7 Terminator

Sequence
5’-CCGCCATATGAGACAGCTAGCAAAGG-3’
5’-CCGCGGATCCTTATTTGATTTCTCCTACTAAAGC-3’
5’-CCGCCATATGACTAACATTGACCGCCG-3’
5’-CCGCGGATCCTCAATTTTTAGGAATGAG-3’
5’-CCGCCATATGCAGATTTCAGATGCAG-3’
5’-CCGCGGATCCTTACATACAATTACATCTTAC-3’
5’-TAATACGACTCACTATAGGG-3’
5’-GCTAGTTATTGCTCAGCGG-3’
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Restriction enzymes:
Nde I: Neisseria dentrificans CA|TATG

Bam HI: Bacillus amiloliquifaciens G|GATCC

The DNA sequence of AdcR, CopR, & SczA
AdcR 441 bp (SP_2172):
5’AGACAGCTAGCAAAGGATATCAATGCTTTTTTGAATGAGGTGATTTTGCAGGCGG
AAAATCAGCATGAAATCCTAATAGGTCATTGCACTAGCGAGGTGGCCCTGACCAAT
ACTCAGGAGCATATCCTTATGCTCTTGTCAGAGGAATCTTTAACAAATTCAGAATTG
GCCCGTCGTCTCAATGTCAGTCAGGCGGCAGTTACCAAGGCCATTAAGTCTTTGGTC
AAGGAAGGGATGTTGGAAACATCTAAAGATTCTAAAGATGCGCGTGTGATTTTTTAT
CAGTTGACTGACTTGGCTCGTCCAATCGCTGAGGAGCACCACCATCACCATGAGCAT
ACACTTTTAACCTATGAACAAGTGGCGACTCAGTTTACTCCAAATGAACAAAAAGTG
ATTCAGCGGTTTTTGACTGCTTTAGTAGGAGAAATCAAATAA-3’

SczA 537 bp (SP_1858)
5’ACTAACATTGACCGCCGTATCAGCAAAACCAAAAAAGCCATCTATCAAGCTTTTAT
ACAACTTTTGAATGCTAAGGGCTACGAGGCCACTACTGTTCAGGATATCATTGATCT
CGCAGATGTGGGACGATCCACCTTTTACTGTCACTATGAGAGTAAGGAGCTTCTTCT
GGACCAGCTCTGCCGCTACCTCTTCCATCATCTTTTTGAAAGAGAGCAAGCCATTTC
AACCGAGGACTACCTCGCCCACCTCTTTCTCCATTTTCATAAAAACCAAGACCATAT
CACCAGTCTGCTATTTTCCAAAAATGACTACTTCCTCCGTCAACTCCATAAAGAGCT
AGAACACCATGTCTATTCCGTGCTAGCTGATAATTTAAAAGAAGCCCACCCTAATCT
GCCTACTTCTTACCTCCAACACTTGGTCATGTCCAACTTTATCGAGACATTGACCTGG
TGGCTCAAAAAAGGTCAAGATTTCACAGACCAGGAAGTTGTCCAATTTTATCTAGAC
CTTCTCATTCCTAAAAATTGA -3’
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CopR 396 bp (SP_0727)
5’CAGATTTCAGATGCAGAATGGCAGGTCATGAAGATTATTTGGATGCAGGGGGAGC
AGACCAGTACAGATTTGATTAGGGTTTTGGCAGAGCGGTTTGACTGGTCCAAGTCCA
CGGTTCAGACACTTTTGGCTCGTCTGGTTGATAAAGAGTGTTTGACTCGGAAAAAAG
AAGGCAAGTCCTTTGTTTATTCAGCCCTTTTAACTCTAGACCAAAGTCGGGATTTACT
TGTCCAAGATATCAAAGACAAGGTTTGTTCCCGTAGGATTAGGAATTTGTTGGCTGA
CTTGATTGTAGAATGTGAATTTACTCAGACTGACTTGGAAGACTTGGAAGCTGTGAT
TTCAGAGAAGAAATCAAGTGCTGTAACAGAAGTAAGATGTAATTGTATGTAA-3’
The proteins sequence of AdcR, CopR, & SczA
The protein sequence of AdcR (146 aa + 20 aa from the vector):
MGSSHHHHHHSSGLVPRGSHMRQLAKDINAFLNEVILQAENQHEILIGHCTSEVALTNT
QEHILMLLSEESLTNSELARRLNVSQAAVTKAIKSLVKEGMLETSKDSKDARVIFYQLTD
LARPIAEEHHHHHEHTLLTYEQVATQFTPNEQKVIQRFLTALVGEIK

The protein sequence of SczA (178 aa + 20 aa from the vector):
MGSSHHHHHHSSGLVPRGSHMTNIDRRISKTKKAIYQAFIQLLNAKGYEATTVQDIIDLA
DVGRSTFYCHYESKELLLDQLCRYLFHHLFEREQAISTEDYLAHLFLHFHKNQDHITSLL
FSKNDYFLRQLHKELEHHVYSVLADNLKEAHPNLPTSYLQHLVMSNFIETLTWWLKKG
QDFTDQEVVQFYLDLLIPKN
The protein sequence of CopR (131 aa + 20 aa from the vector):
MGSSHHHHHHSSGLVPRGSHMQISDAEWQVMKIIWMQGEQTSTDLIRVLAERFDWSKS
TVQTLLARLVDKECLTRKKEGKSFVYSALLTLDQSRDLLVQDIKDKVCSRRIRNLLADLI
VECEFTQTDLEDLEAVISEKKSSAVTEVRCNCM
Transformation
The plasmids pATA, pSTA, and pCTA, which are a pET-15b containing AdcR, SczA, and
CopR genes, were transformed to XL1-Blue Competent Cells by heat shock. XL1-Blue
Competent Cells tube was thawed on ice for 10 minutes, and it was mixed gently and pipetted 50
µL of the competent cells into a transformation tube on ice; then, followed by adding 5 µL of the
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plasmids (pATA, pSTA, and pCTA) to the cells mixture tube. The tube that contained the
mixture was flicked carefully 4-5 times to mix the cells and the plasmids. After that, it was
placed on ice for 30 minutes without mixing. Then, we did the heat shock at exactly 42 oC for
exactly 45 seconds without mixing; also, the mixture sample was placed on ice for 5 minutes.
Next, 950 µL of room temperature SOC medium was added to the mixture sample and placed in
the shaker at 37 oC for one hour at 250 rpm. The mixture tube was mixed by flicking and
inverting the tube; concurrently, we spread 10-100 µL of the mixture cells onto agar plates
containing Ampicillin (100 mg/L) and incubated at 37 oC overnight. The clones were tested
using PCR to prove we have the right plasmid. The proven cells were grown in LB Broth media
containing Ampicillin (100 mg/L) overnight followed by centrifuging E. coli cells containing
pATA, pSTA, and pCTA plasmids at 13000 rpm for 10 minutes at room temperature. These cells
were kept on ice for 30 minutes; after that, we used QIAprep Spin Miniprep Kit to purify the
plasmids. Then, we sent them for sequencing (https://dnatools.biodesign.asu.edu/), and the
proven plasmids were transferred to BL21(DE3) Competent E. coli cells, the transformation
protocol was the same for XL1-Blue Competent Cells except the heat shock at 42 oC was for
exactly 10 seconds (figure B.1).

Western blotting
The bacterial cultures containing plasmid of AdcR, SczA, & CopR were grown in LB
media until an OD600nm was around 0.6. The cultures were collected for each specie per an hour
for 5 hours. Then, the samples were centrifuged, and pellets were lysed using B-PER bacterial
protein extraction reagent and sonicated for 3 seconds; then, the proteins were loaded in SDSPAGE (10 % acrylamide) using BIO-RAD electrophoresis. Next, the protein bands were
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transferred to membrane (PVDF) using a semi-dry transfer method (BIO-RAD Trans Blot SD).
The membranes were immersed in 5% non-fat milk to block it. After that, the samples probed
with the primary antibody (6x-His Tag Monoclonal Antibody) (1:500); then, it was washed 4
times using TTBS. After that, the Goat anti-Mouse IgG (H+L) secondary antibody was used,
HRP conjugate (1:5000); also, we washed it 4 times using TTBS. Next, the membrane was
incubated with western ECL substrate (Bio-Rad), and the X-ray sheets were incubated for 5
seconds, 10 seconds, 20 seconds, 30 seconds, 40 seconds, 50 seconds, and 1 minutes with the
membrane. Then, X-ray sheets were developed using developer to show the bands (figure B.2).

Protein expression and purification
We did protein expression and purification for AdcR, SczA, and CopR, as mentioned that
for TOP expression and purification, Chapter 2.
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Figure B.1

The cloning of AdcR, SczA, CopR, & the vector (pET-15b).
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Results
Transcription factors (AdcR, SczA, & CopR) were transcripted from strain D39 of
streptococcus pneumonia. AdcR, SczA, & CopR plasmids were designed using SnapGene
software, and figure B.3 A, B.4 A, & B.5 A show that the DNA fragments of transcription
factors were cut, as sticky end using restriction enzymes; then, inserted the insertion DNAs
(transcription factors) in the cleaved vector to make the plasmids of AdcR, SczA, & CopR, as
shown in figure B.3 B, B.4 B, & B.5 B. Hence, we made primers for AdcR, SczA, & CopR
depending on the plasmids that were designed using SnapGene software (table B.1). All
transcription factors, proteins (AdcR, SczA, & CopR) were run in SDS-PAGE and transferred to
PVDF membrane to detect His-tag of AdcR, SczA, & CopR proteins using Western blot method,
as shown in figure B.2.
In addition, AdcR structure was solved by Guerra et al., AdcR is a dimer, and each
monomer has two actives; The first active site, Zn2+ binds to three His and one Glu (His42,
His108, His112, & Glu24); the second active site, Zn2+ binds to two Glu, one Cys, and one mole
of H2O (Glu41, Glu107, Cys30, & H2O) (2011), as exhibited in figure B.7 A & B, while SczA
and CopR structures were predicted using raptorx (http://raptorx.uchicago.edu/) (Xu et al., 2018;
Zhu et al., 2018; Källberg et al., 2012), as shown in figure B.8 A & B.
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Figure B.2

Western blot for AdcR, SczA, & CopR using a 10% gel acrylamide, and
transferred it to PVDF membrane and the bands were exposure to X-ray sheet. (A)
X-ray sheet was incubated for 5 seconds with the membrane. (B) X-ray sheet was
incubated 10 seconds with the membrane.
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Figure B.3

(A) pATA plasmid for AdcR. (B) the diagram of combination between DNA
fragment (AdcR) and open vector (pET-15b) to produce pATA plasmid.

Figure B.4

(A) pSTA plasmid for SczA. (B) the diagram of combination between DNA
fragment (SczA) and open vector (pET-15b) to produce pSTA Plasmid.
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Figure B.5

(A) pCTA plasmid for CopR. (B) the diagram of combination between DNA
fragment (CopR) and open vector (pET-15b) to produce pCTA plasmid.

Figure B.6

DNAs bands of AdcR, SczA, & CopR using agarose gels 0.8%.
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Figure B.7

3D structure of AdcR, using Chimera UCSF software. (A) AdcR, PDB 3tgn. (B)
The active sites of AdcR.
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Figure B.8

3D predicted structure of SczA and CopR, using raptorx and Chimera UCSF
software. (A) SczA. (B) CopR.
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We used theory data (physical properties) for transcription factors (AdcR, SczA, &
CopR) using ProtParam tool in Expasy data base (https://web.expasy.org/protparam/), and the
table B.2 presented transcription factors of basic informationfor AdcR, SczA, & CopR with Histag were designed in Dr. Emerson’s lab and made in Dr. Thornton’s lab, and AdcR, SczA, &
CopR without His-tag (made in Dr. Emerson’s lab). AdcR, SczA, & CopR have similar molar
extinction coefficient but different isoelectric point (pI).
In addition, in the primary structures of AdcR, SczA, & CopR, Leu is the most
abundance of amino acids in AdcR, SczA, & CopR, but His is more abundance of amino acids in
AdcR and SczA only, as exhibited in figure B. 10. Also, we used Predict Protein data base
(https://open.predictprotein.org/) to analysis the secondary structure composition, as shown in
figure B. 10. Besides, helix structure is more than a 50% of the secondary structures for AdcR
and SczA but less than a 50% for CopR.
Figure B.9 A presented that thiol and disulfide spectra for CopR using Raman
spectroscopy. They have strong vibration (spectra) at 2550-2600 cm-1 for thiol group, and 430550 cm-1 for disulfide group. Therefore, we demonstrated that CopR is a dimer, and it forms a
disulfide to make a dimer. Additionally, CopR structure has 5 cysteines (figure B.8 B), and three
of them in the C-terminal, which may be responsible for disulfide bridge/s to make a dimer.
That’s confirmed with SDS-PAGE with/without b- mercaptoethanol; when we did SDS-PAGE
without b- mercaptoethanol, CopR was a dimer even though it was boiled for 5 minutes and run
in SDS-PAGE, but the dimer transformed to monomer when b-mercaptoethanol was added
(figure B.9 B). Accordingly, CopR forms a strong dimer by making disulfide bond/s.
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Figure B.9

(A) Raman spectra of CopR, the vibration regions for disulfide group (S-S) is 430550 cm-1 and thiol group (-S-H) is 2550-2600 cm-1. (B) SDS-PAGE with and
without b-mecaptoethanol, for CopR.

Table B.2

The basic physical properties of AdcR, SczA, & CopR with/without His-tag using
ProtParam tool in Expasy.

AdcR with His-tag
AdcR without His-tag
AdcR Original
SczA with His-tag
SczA without His-tag
SczA Original
CopR with His-tag
CopR without His-tag
CopR Original

A.As

MWKDa

e (M-1 cm-1)

166
149
146
198
181
178
151
134
131

18.7
16.8
16.6
23.39
21.51
21.23
17.29
15.41
15.1

2980
2980
2980
26025
26025
26025
18240
18240
18240
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pI
6.33
5.91
5.82
6.53
6.21
6.16
6.37
5.25
5.09

Figure B.10

The composition of primary structures and secondary structures for AdcR, SczA,
& CopR using Predict Protein data base (https://open.predictprotein.org/).
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